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SUMMARY 


This  report  discusses  the  handling  qualities  of  the  X-24B  research 
aircraft  and  those  design  features  which  contributed  to  aircraft  handling 
characteristics.  These  include  a description  of  the  aircraft,  flight 
control  system,  and  a discussion  of  wind  tunnel  and  flight  test  stability 
derivatives  of  the  aircraft. 

Handling  qualites,  with  a few  minor  exceptions,  were  excellent  for 
subsonic  flight  and  the  approach  and  landing  task.  Handling  qualities 
with  the  rocket  engine  off  were  adequate-to-good  for  the  transonic  and 
supersonic  areas.  Power-on  flying  qualities  were  degraded  by  low 
directional  stability.  Roll  and  pitch  control  was  adequate  or  good  for 
all  phases  of  flight.  Pilot-induced-oscillations  in  pitch  and  roll  were 
nonexistent  with  the  augmentation  system  on  and  present  only  at  limited 
conditions  with  the  augmentation  system  off. 

Predictions  of  the  stability  derivatives  were  accurate  in  most  cases. 
Values  of  angle  of  attack  derivatives  were  lower  than  predicted  sub- 
sonically  but  agreed  well  at  transonic  and  supersonic  Mach  numbers. 
Sideslip  derivatives  agreed  well  except  for  the  subsonic,  mid-angle  of 
attack  range,  where  directional  stability  was  higher  than  predicted, 
and  the  supersonic,  high-angle  of  attack  range  where  directional 
stability  was  lower  than  predicted.  Power  effects  from  the  rocket  engine 
were  found  to  cause  significant  degradations  in  sideslip  derivatives. 
Control  derivatives  were  equal  to  or  slightly  higher  than  predicted 
except  for  yaw-due-to  aileron,  which  was  lower  than  wind  tunnel  estimates. 
Damping  derivative  data  were  scattered  but  generally  agreed  with  pre- 
flight calculations. 

Much  of  the  flight  control  system  was  common  to  that  used  in  the 
X-24A,  and  hence  the  design  of  new  flight  control  system  components  was 
limited.  New  features  included  the  addition  of  ailerons  and  the  modifi- 
cation of  the  X-24A  variable  lower  flap  gearing  to  a fixed  gain  system. 
Specifications  for  these  designs  were  determined  by  five  degree-of- 
freedom  simulator  studies  performed  at  the  Air  Force  Flight  Test  Center. 
Performance  of  the  flight  control  system  was  excellent.  This  was 
attributed,  in  part,  to  the  use  of  subsystems  that  had  already  been 
developed  and  proven  during  the  X-24A  program. 
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This  report  is  wrif fon 

program  of  the  X-24B  research  aircr^^S  documentin9  the.  flight  test 
gram  are  detailed  in  references  l ? . ^°??er  asPects  of  tl.e  test  pro- 
accomplished  in  a joint  effort  between^he^ : *he  X~24B  pro9ram  was 

Laboratory  (AFFDL) , the  Air  Force  FI i oh ^ ir„F°rCe  Plight  Dynamics 
National  Aeronautics  and  Space  AdmHntc^  ?fSt  Center  (AFFTC)  and  the 
Center  (NASA-DFRC)  . Fertlli^t^?^ i°n  Dryden  F11"ht  R««“b 
by  Project  Directive  73-87  end  „es  eccooplL^ed 

the  ^.U.th:Pt^,5-|iB^r^  hTTftedLSf  r°Pele  “h°  “"tributed  to 
by  members  of  AFFDL , AFFTC , and  NASA-DFRC *nd  cooPeration  exhibited 
for  future  programs.  Special  acknowledge  8efve  as  an  excellent  model 
tended  to  those  who  contributed  to  t-h  9 a?d  appreciation  are  ex- 
Mr.  David  F.  Richardson  determined  Sf  Plication  of  this  report. 

X-24B  and  is  responsible  for  Appendix*^  ^rlm  curves  for  the 

tel?h  ?f  the  failing  qualities  analyses ’and  deve?6""^8  Penka  Performed 
techniques  discussed  in  Appendix  C Y Alex  r d®YeloP®d  the  wind  shear 

many  of  the  flight  test  derivatives  f“nd  In  thiL  report™"”  eXtrscted 


s 


table 


off  contents 


INTRODUCTION 

Program  Description 
Vehicle  Description 
Aerodynamic  Shape 
Flight  Control  System 
Configurations 
X-24B  HANDLING  QUALITIES 

General  Handling  Qualities 
Test  Methods 

Pilot  Ratings  and  Mission  Tasks 
Preflight  Simulator  Studies 
Flight  Test  Handling  Qualities 
Launch  Transient 

Subsonic  Handling  Qualities  (Mach  = 0.3  - 0.6) 
Longitudinal 
Lateral -Directional 

Transonic  Handling  Qualities  (Mach  = 0.6  - 1.0) 
Longitudinal 
Lateral -Directional 

Supersonic  Handling  Qualities  (Mach  = 1.0  - 1.7) 
Longitudinal 
Lateral -Directional 
Final  Approach  and  Landing 
Filot  Checkout  Program 


Pate  No. 

1.1 

11 

11 

11 

13 

13 

21 

21 

21 

21 

27 

29 

29 

29 

29 

31 

34 

37 

39 

41 

41 

41 

44 

49 


Confirmation  of  Preflight  simulator  Predictions 
Pitchup  Boundary 
PIO  Sensitivity 

Handling  Qualities  Boundaries 
STABILITY  derivative  results 
Method 

Wind  Tunnel  Data 
Data  Plots  and  Points 
Longitudinal  Derivatives 
Subsonic  Configuration 
Transonic  Configuration 
Lateral-Directional  Derivatives 
Subsonic  Configuration 
Transonic  Configuration 
Power  Effects 

Longitudinal  Derivatives 
Lateral -Directional  Derivatives 
Power  Effects  Flight 
Aileron  and  Rudder  Bias  Effects 
Aileron  Bias 
Rudder  Bias 
CONCLUSIONS 

REFERENCES 

Appendix  A - Stability  Derivatives 
Appendix  B - Longitudinal  Trim  Curves 
Appendix  c - wind  shear  Techniques 
Appendix  D - Flight  Control  System 


Paw**. 

53 


6 


53 

53 

53 

57 

57 

64 

64 

67 

67 

69 

70 
70 
73 
76 
76 
79 
79 
79 
81 
81 
83 
85 


4 


Aileron  Authority  and 
Pitch  Gearinq 
Derivative  Sensitivit 


Lateral-Directional  P: 
Aileron  and  Rudder  Ro! 
Handling  Qualities  Sti 
Aileron-To- Rudder  Int« 
SAS  Gale  Determinatioi 


MPP  «ri 


llfk 


list  of  figures 

Pago  Ho. 

j 

1. 

X-24B  Three-View  Drawing 

12 

2. 

Aerodynamic  Surfaces  and  Control  Surface  Definition 

14 

• 

3. 

X-24B  Configurations 

18 

4. 

Sideslip  Derivatives  at  4°  Angle  of  Attack 

22 

* 

5. 

Sideslip  Derivatives  at  8°  Angle  of  Attack 

23 

6. 

Sideslip  Derivatives  at  12°  Angle  of  Attack 

24 

7. 

Cooper-Harper  Rating  Scale 

26 

8. 

Launch  Transient  Time  History 

28 

9. 

Stick  Fixed  Configuration  Change 

30 

10. 

SAS-On  Configuration  Change 

32 

11. 

SAS-Off  Configuration  Change 

33 

12. 

Transonic  Longitudinal  Trim  Change 

36 

I 

1 

13. 

Pitchup  Boundary 

38 

14. 

Supersonic  Sideslip  Time  History 

42 

• 

15. 

Elevator  Crossover 

46 

16 . Crosswind  Landing 

17.  Flight-Measured  Pitchup  Boundary 

18.  Predicted  Controllability  Boundaries 

19 . Actual  controllability  Boundaries 


48 

52 

55 

56 


20.  Longitudinal  Derivative  Extraction  Test  Conditions  58 

21.  Lateral-Directional  Derivative  Extraction  Test  Conditions  59 

22.  Derivatives  Extracted  from  a PIO  Maneuver  61-6. 

f 

23.  Pitching  Moment  Derivatives  - M » 0.4  - 0.6,  Correlation  Between 

Cornell  and  AFIT  Wind  Tunnel  Data  66 

24.  Pitching  Moment  Derivatives  - M = 0.8,  Correlation  Between  Cornell 

and  AEDC  Wind  Tunnel  Data  68 

25.  Sideslip  Derivatives  - M = 0.4,  Reynolds  Number  Effects  72 


Pap  Ha. 

26.  Tip  Fin  Separation  EffectT  74 

27.  Power  Effects  Flight  Results  78 

Appanlix  A 

A1-A26  Pitching  Moment  and  Normal  Force  Derivatives  89-114 

A27-A87  Sideslip,  Aileron,  Rudder,  and  Damping  Derivatives  115-175 

Appaniix  B 

B1-B12  Longitudinal  Trim  Curves  179-190 

B13  Longitudinal  Trim  Curves-Aileron  Bias  191 

B14  Longitudinal  Trim  Curves-Landing  Gear  Down  192 

B15-B17  Longitudinal  Trim  Curves-Rocket  Engine  On  193-195 

Appaniix  C 

Cl  Sidewinds  Obtained  by  Computed  Technique  and  Rawinsonde  199 

Measurement 

C2  Sidewinds  Obtained  During  Two  Different  Flight  Phases  200 

C3  Sidewinds  Obtained  by  Computed  Technique  and  Contrail  Film  202 

Method 

C4  Sidewinds  Obtained  by  several  Different  Techniques  204 

AppanPix  D 

D1  Flight  Control  System  Schematic  (Pitch  and  Roll)  208 

D2  Flight  Control  System  Schematic  (Yaw)  210 

D3  Control  System  Block  Diagram  211 

D4  Longitudinal  Stick  Characteristics  218 

D5  Lateral  Stick  Characteristics  220 

D6  Rudder  Pedal  Characteristics  221 

D7  Rudder  Bias,  Lower  Flap,  and  Full  Pitch  Deflections  Versus  222 

Upper  Flap  Bias 

D8  Aileron-to-Rudder  Interconnect  223 

D9  SAS  Rate  Feedback  Gains  and  Authorities  224 


1 


DIO 

Pitch  Lindt  Cycle  Characteristics 

Np  Ht. 

226 

Dll 

Roll  Limit  Cycle  Characteristics 

228 

D12 

Yaw  Limit  Cycle  Characteristics 

229 

D13 

Aileron  Mechanical  Resonance 

230 

AmmIIx  e 

El 

Aileron  Surface  Authority  Determination 

234 

E2 

Aileron  Surface  Rate  Limit  Determination 

236 

E3 

Aileron  Design  Requirements 

237 

E4 

Aileron  Actuator  Characteristics 

2 38 

E5 

Pitch  Surface  Authority  Determination 

240 

E6-E11 

Derivative  Sensitivity  Results 

242-248 

E12-E14 

Predicted  Roll  Performance 

250-252 

E15 

Predicted  Lateral- Directional  Pio  Boundaries 

(SAS 

Off) 

253 

E16 

Predicted  Lateral-Directional  PIO  Boundaries 

(SAS 

On) 

254 

El  7 

Predicted  Roll  Reversal  Boundaries 

256 

E18 

Landing  Gear  Effects  on  Handling  Qualities 

258 

E19 

Aileron-to-Ruddsr  Interconnect  Schedules 

260 

E20 

Dutch  Roll  Root  locus  Characteristics 

262 

list  of  tables 

Pan  Ha. 

1.  X-24B  Dimensions  and  Mass  Characteristics  16S17 

2.  X-24B  Pilot  Ratings  Summary  25 

3.  Pilot  Ratings  from  Checkout  Flights  50,51 

4.  Wi  J Tunnel  Sources  65 

5.  Power  Effect  Flight  Comparison  80 

6.  Aileron  Bias  and  Lower  Flap  Pitchinq  Moment  Effectiveness  82 

7.  Rudder  Bias  Pitch  Effectiveness  82 


I 


1TF , 


v 


£.;$***  ■ : 


INTRODUCTION 

Program  Description 


The  task  of  designing  an  aircraft  with  reasonable  hypersonic,  super- 
sonic, and  subsonic  performance  is  difficult,  but  when  the  additional 
£h2UireueK  °f  ade<Juate  stability  and  good  handling  qualities  is  given, 
tne  task  becomes  a formidable  challenge.  The  FDL-8  aerodynamic  shape, 

andnifrh^1»h9dne  X_24B  evolved'  was  designed  to  address  this  challenge, 
and  the  X-24B  program  proved  the  success  of  the  design  at  subsonic  and 
supersonic  flight  conditions. 

- «e„X"24 *?  frf®  £light  tests  were  conducted  between  1 August  1973 

art  ‘ T*16  ba®ic  research  flight  program  was  primarily 

an  incremental ■ -MWSh  number  and  angle  of  attack  envelope  expansion 

program  requiring  6 glide  flights  and  24  powered  flights.  A typical 
mission  began  after  launch  from  an  NB-52B  mothership.  The  rocket 
Marh°n  ignited,  and  ^ aircraft  accelerated  to  the  planned  maximum 
aircraft^li-d™?  altitude.  After  the  rocket  engine  was  shut  down,  the 
ircratt  glided  back  to  a landing  on  the  Rogers  Dry  Lake.  The  total 
ime  for  each  powered  flight  was  about  seven  minutes  of  which  from 

andeL^°„:^r  ™lni?te8.Vere  devoted  to  handling  qualities,  performance, 
nd  derivative  extraction  maneuvers.  After  completion  of  the  30-fliqht 

newepilots^09ram,  6 additional  9lide  flights  w re  flown  to  checkout  3 

Two  of  the  key  objectives  of  the  test  program  were:  (1)  to  evaluate 

the  aircraft  s handling  qualities  and  (2)  to  assess  the  ability  of 

?Q^d  «5®?i?tXOn  tecbni(*ues  to  accurately  predict  the  flight  character- 
istics of  this  unusual  aerodynamic  shape.  An  overview  of  the  flight 
test  program  is  presented  in  reference  l.1 


reP°rt  wili  discuss  the  X-24B  handling  qualities,  which  were 
>n  m°st  arees.  Stability  derivatives,  which  were  extracted  from 
riigiit  test  data,  will  be  presented  along  with  the  corresponding  wind 

alqoebpPd1«iCti°^8i  'Ihe  fiigh^  control  system  and  its  performance  will 
also  be  discussed  in  some  detail. 

Vahid*  Oascrlptiin 


A«rodynomlc  Sj»f 

,.  v.The^X7^4B  Yas  a Piloted,  rocket-powered  research  aircraft  with  a 

sweep  of  the  planform  was  78°  on  the  fore- 
body of  the  aircraft  and  72°  on  the  aft  portion.  The  double  delta  con- 

lonai?nd?n,rS4-aK?f^d  k°  proYide  the  required  static  margin  for  adequat 
ongitudinal  stability  by  moving  the  aerodynamic  center  of  pressure  aft. 


1 Reference  Is  Armstrong,  Johnny  G.,  Flight  Planning  and  Conduct  of  the 

n~Ll.LRefw?r.Ch  AFFTC-TR-7^-4.  Air  

Flight  Test  Center,  Edwards  AFb,  California,  to  be  published. 
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The  aircraft  featured  a flat  bottom  for  increased  hypersonic  lift-to- 
drag  ratio,  with  a 3°  forebody  ramp  for  hypersonic  trim.  The  aircraft 
sides  were  sloped  at  60°  to  maintain  heating  predictability  and  to  add 
negative  dihedral  effect.  The  top  of  the  aircraft  was  rounded  and  con- 
nected the  two  slanted  sides.  Directional  stability  was  provided  by 
two  outboard  vertical  fins  and  a center  fin.  In  addition  to  directional 
stability,  the  outboard  fins  also  contributed  a large  positive  dihedral 
effect.  A three  view  drawing  of  the  X-24B  is  shown  in  figure  1,  and 
some  typical  mass  and  dimensional  nunbers  are  given  in  table  1.  A more 
detailed  discussion  of  the  method  of  determining  mass  characteristics 
is  contained  in  reference  1. 


Flight  Control  Syttom 


The  X-24B  control  system  was  basically  a modification  of  the  X-24A 
system.  Ten  surfaces  were  available  for  aerodynamic  control  of  the  X-24B. 
These  consisted  of  the  following:  two  upper  flaps,  two  lower  flaps, 

two  upper  rudders,  two  lower  rudders,  and  two  ailerons.  These  sur- 
faces are  depicted  in  figure  2 . The  two  upper  flaps  were  moved 
symmetrically  as  an  upper  flap  bias  (6UB) . The  two  lower  flaps  also 
moved  symmetrically  and  provided  primary  pitch  control  (6eL) . When  the 
.tower  flaps  retracted  to  zero,  pitch  control  was  transferred  mechanically 
to  tiie  upper  flaps  (6ey)  . All  four  rudders  could  be  biased  symmetrically 
as  a rudder  bias  ( 3RB) , and  only  the  upper  rudders  (6r)  provided  yaw 
control.  The  rudder  bias  differed  from  a rudder  trim  in  that  all  four 
rudder  biased  inward  or  outward  together;  the  rudder  bias  did  not  cause 
a yawing  moment  on  the  aircraft.  The  aileron  surfaces  could  be  deflect- 
ed differentially  (6a)  for  roll  control  or  could  be  biased  symmetrically 
(6AB)  for  additional  pitch  trimming.  Pilot  inputs  were  provided  through 
a conventional  center  stick  for  pitch  and  roll,  and  rudder  pedals  for 
yaw.  Tne  aircraft  was  artificially  stabilized  in  all  three  axes  by  a 
tnply-redundant , rate-feedback  stability  augmentation  system  (SAS)  . 

The  SAS  feedback  gain  for  each  axis  was  controlled  by  the  pilot  via  a 
seven  position  rotary  switch  and  a zero-gain  mode  switch.  In  addition 
to  the  pilot  and  SAS  commands,  two  other  inputs  were  made  for  yaw  con- 
trol. An  aileron-to-rudder  interconnect  was  provided  to  minimize  ad- 
verse sideslip  during  aileron  inputs,  and,  midway  through  the  test 
program,  a lateral  acceleration  feedback  system  was  installed  to  help 
control  steady-state-sideslip  at  transonic  and  supersonic  Mach  numbers 
with  the  rocket  engine  on.  A complete  description  of  the  flight  control 
system  is  included  in  Appendix  D along  with  a review  of  system  per- 
formance during  the  conduct  of  the  flight  program. 


Configuration* 


The  aircraft  was  flown  in  basically  two  configurations  with  minor 
variations  on  each.  The  high  speed  configuration  was  called  the  "tran- 
sonic configuration  and  was  flown  with  the  upper  flaps  bias  at  -40°, 
the  rudder  bias  at  0°,  and  the  aileron  bias  at  7°.  The  low  speed  or 
subsonic"  configuration  was  used  for  approach  and  landing.  The  biases 
for  this  configuration  were:  upper  flap  bias  at  -20°,  rudder  bias  at 

-10  , and  aileron  bias  at  7°.  These  two  configurations  are  shown  in 
figure  3.  The  two  configurations  provided  a trade-off  between  stability 
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Figure  2.  Aerodynamic  Surfaces  and  Control  Surface  Definition 


Table  1 

X-24B  Dimensions  and  Mass  Characteristics 
Reference  Areas  and  Dimensions  of  the  X-24B  Vehicle 


Body  - 

Reference  plan form  area,  (ft2) 
Reference  length , (ft) 

Reference  span,  (ft) 

Aspect  ratio  (basic  vehicle) , b?. 

Center  vertical  fin,  (airfoil  stabiliser) 

Area,  (ft2) 

Mean  aerodynamic  chord,  (in) 

Root  chord,  (in) 

Tip  chord,  (in) 

Distance  between  root  chord  and  mean 
aerodynamic  center,  (in) 

Span,  (in) 


330.5 

37.5 

19.0 

1.09 


14.70 

57.90 

73.90 
38.00 

17.30 

38.80 


Outboard  vertical  fin  (airfoil  cambered  with 
leading  edge  droop)  - 


Area  each, (ft2) 

Mean  aerodynamic  chord,  (in) 

Root  chord,  (in) 

Tip  chord,  (in) 

Distance  between  root  chord  and  mean 
aerodynamic  chord,  (in) 

Span,  (in) 


Upper  rudder  - 

Area  each,  (ft2) 


Chord,  (in) 
Span,  (in) 


Lower  rudder  - 


Area  each,  (ft2) 
Chord,  (in) 

Span,  (in) 


Upper  flap  - 


Area  each,  (ft2) 
Chord,  (in) 

Span,  (in) 


II 


V 


^ -V 

i £ 


25.9 

75.7 

101.5 

41.5 


20.8 

50.1 


4.99 

29.60 

24.20 


6.67 

29.60 

34.20 


10.82 

34.10 

45.70 
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Table  1 (Concluded) 


Tower  flap  - 

Area  each,  (ft2)  13.99 
Chord,  (in)  44.9  0 
Span,  (in)  44.90 


Typical  Mass  Characteristics  of  the  X-24B  Vehicle 


Empty  Aircraft 

Weight  (lb) 

8500 

x-cg  (in) 

126.0  (64%) 

y-cg  (in) 

-0.5 

z-cg  (in) 

22.5 

Xx  (slug-ft2) 

2700 

lv  (slug-ft2) 

23500 

Iz  (slug-ft2) 
Ixz  (slug-ft2) 

24000 

700 

Full  Aircraft 

Weight  (lb) 

14000 

x-cg  (in) 

136.0  (66.2%) 

y-cg  (in) 

-0.8 

z-cg  (in) 

28.0 

Ix  (slug-ft2) 

3200 

Iy  (slug-ft2) 

25000 

Iz  (slug-ft2) 

25500 

Ixz  (slug-ft2) 

830 

11 


Subsonic  Configuration 


Figure  3 


and  performance . The  subsonic  configuration  provided  the  lift-to-drag 

rf ^eqUired^fc?  flare  and  land  the  aircraft  but  did  not  have  adequate 
stability  for  flight  at  Mach  numbers  much  above  0,7.  The  transonic  con- 
figuration provided  satisfactory  stability  for  transonic  and  super- 
s°j7c.  llght  but  resulted  in  inadequate  performance  for  landing,  in 
addition,  some  perturbations  of  these  configurations  were  flown  durinq 
the  test  program  to  assess  their  effect  on  handling  qualities,  perform- 
ance,  and  stability  derivatives.  These  included  moving  the  rudder  bias 
to  5 with  -40°  upper  flap  bias,  flying  with  3°  and  li«  on  the  aileron 
bias,  and  flying  with  the  upper  flap  bias  at  -30°.  During  the  test 
program,  the  nominal  upper  flap  bias  settings  were  20°  f 25°  and  28°  The=-e 
various  bias  settings  were  used  to  investigate  landing  approaches 'and 
different  lift-to-^rag  ratios.  Intermediate  biases  served  as  speed- 
brakes  for  energy  management  and  glide  path  control.  A discussion  of 
these  results  is  provided  in  reference  2. 2 


2 Reference  2:  Stuart,  John  L. , Analysis  of  the  Approach, Flare,  and 

^anding  Characteristics  of  the  X- 24 B Research  Aircraft.  AFFTC-TR-76-9 . 
Air  t’orce  Flight  Test  center,  Edwards  AFB,  CalijfSwuTT  to  be  published. 
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X-24B  HANDLING  QUALITIES 

Gtntral  Handling  QuallHt* 

The  power-off  handling  qualities  of  the  X-24B  were  good  over  most  of 
the  Mach  angle  of  attack  envelope.  Most  pilot  ratings  for  X-24B  mission 
tasks  were  between  two  and  four.  Considerable  time  was  spent  evaluating 
the  SAS-off  handling  qualities  at  low  Mach  numbers,  and  pilots  stated 
that  the  aircraft  flew  excellently.  Some  degradations  occurred  during 
the  powered  portion  of  flight  when  the  rocket  engine  caused  significantly 
lower  levels  of  directional  stability  and  relatively  low  values  of  dynam- 
ic pressure  decreased  control  effectiveness.  Figures  4 thru  6 show  the 
primary  derivatives  which  reflect  the  lateral-directional  stability  of 
the  aircraft  for  three  different  angles  of  attack.  The  levels  of  stability 
as  the  Mach  number  changes  present  an  excellent  picture  of  the  aircraft's 
handling  quaxities,  and  the  strong  influence  of  the  rocket  engine  is  ap- 
parent. The  two  areas  of  poor  handling  qualities  were  the  transonic  area 
at  high  angles  of  attack  with  the  power  on  and  the  supersonic  area  above 
M=1.3  at  moderate  angles  of  attack.  Both  of  these  areas  were  marked  by  low 
values  of  Cng  and  Cng*.3  Pilot  rating  develops  for  specific  tasks  during 

the  X-24B  mission  are  summarized  in  table  2. 

Test  MtlltHl 


Due  to  flight  profile  control  requirements  and  the  relatively  limited 
amount  of  tabilized  flight  time,  many  of  the  classical  handling  qualities 
maneuvers  were  not  performed.  The  evaluation  of  the  X-24B  handling  qual- 
ities was  based  on  a study  of  time  histories  and  the  gathering  of  pilot 
comments  and  ratings. * Parameters  describing  the  aircraft's  stability  and 
control  were  displayed  in  real  time  and  were  available  for  immediate  ob- 
servation. A pilot  debriefing  was  held  after  each  flight  and  the  pilot 

was  asked  to  comment  and  rate  various  phases  and  maneuvers  of  that  flight. 
Pilots  tended  to  evaluate  the  aircraft  based  on  the  ability  to  control 
angle  of  attack,  heading  angle,  bank  angle,  rate  of  sink,  etc.  A good 
correlation  could  usually  be  made  between  the  pilot’s  comments  and  the 
aircraft  time  histories.  Most  of  the  handling  qualities  descriptions  in 
this  report  will  be  done  via  one  or  more  of  these  modes  of  expression. 

Pliiat  Ratings  sni  Mlsslsn  Tasks 


Since  many  of  the  handling  qualities  discussions  in  this  report  are 
enhanced  by  Cooper-Harper  pilot  ratings,  it  is  essential  to  understand 
the  tasks  for  which  the  pilot  ratings  were  given.  Almost  all  of  the 

3cng*  or  dynamic  Cng  is  a measure  of  dynamic  dutch  roll  stability.  Neg- 
ative values  of  CnB*  are  conducive  to  a non-ocillatory  directional  diver- 
gence (nose  slice)  and  loss  of  control.  Cng*  includes  components  of  both 
Cng  and  and  is  defined  by  the  equation: 
cng*  = Cngc°s  a - (I2/Ix)  C£g  sin  a - (IX2/I2) (Cn^  sin  a - C£^  cos  a) 

4A  1 pilot  ratings  contained  in  this  report  are  based  on  the  Cooper- 
Harper  scale  shown  in  figure  7. 
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Figure  6-  Sideslip  Derivatives  at  1 


of  'Attack 


Table  2 


X-24B  PILOT  RATING 


Launch  Transient  Recovery 

Pitch  __ 

Roll 

Subsonic  Handling  Qualities 
Pitch  


FtollAaw 


Transonic  Handling  Qualities 
Pitch 

14=0.6-0.8  

14=0.8-1.0  


M=0. 8-1.0  with  yaw  task 


>4=0. 8-1.0  after  experience  

L cm  Dynamic  pressure 

Jtoll/Vfaw 

14=0.6-0.8 


Transonic  sideslip  excursions  (power-on) 

Transonic  sideslip  excursions  after  irprovement 
(power-on) 


3.0 

3.0 


_ 2.5 

2. 0-2. 5 


.2. 0-2. 5 

3. 0- 3. 5 
4.0 

2. 0- 2.5 


_ 0. 5-1 .0  degraded 


.2. 0-2. 5 
.4. 5-6.0 
— 2.5 


>4=0. 8-1.0  (power-off) 

■) 

Supersonic  Handling  Qualities 

Pitch 

0 

Roll/Yaw  (pcwer-on) 

Final  Approach  and  Landing 

Flare 

1 , 

Tending  0 

Ground  handling 

4.0 

0-2.5 


6.0 


3.0 
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AOCOUACY  ECW  SELECTED  TASK  OR 
REQUIRED  OPERATION* 


/uorOAcr  ruAD vtuj icurc  DEMANDS  ON  THE  PILOT 

AIRCRAFT  CHARACTERISTICS  • w Sf lECTED  TASK  OR  REQUIRED  OPERATION* 


Dtlicitncitt 

worronl 

impfOvtmtnl 


r 

Excellent 

Highly  desiroble 

Pilot  compensation  nor  o foctor  for 
desired  performance 

i 

Good 

Negligible  deficiencies 

# Pilot  compensation  not  o foctor  for 

desired  performance 

2 

Foir  - Some  mildly 
unpleasant  deficiencies 

Minimal  pilot  compensation  required  for 
devred  perlormonce 

3 

Minor  but  annoying 
deficiencies 

Oesired  performance  requires  moderote 
pilot  compensotion 

4 

Modtrottly  obftclionoblt 
dbfiotnciet 

Adequote  performance  requires 
considerable  pilot  compensation 

3 

Very  objecfionoWe  but 
^tolerable  deficiencies  * 

Adequate  performance  requires  extensive 
pilot  compensation 

6 

Dtficitncitt 

rtqvjirt 

improvtmtnt 


Motor  dtficitncitt 


Motor  dthotncKt 


Major  dtficitncitt 


Adeqvott  ptrformonct  not  attoinoblt  with 
ma«;"r»im  toltroblt  pilot  comptntaticn. 
Controllability  not  in  qut&tion 


Contidtroblt  pilot  comptntotion  it  rtquirtd 
tor  control 


Inltntt  pilot  comptntotion  it  rtquirtd  to 
rttain  ' control 


Maa  dtficitncm  ♦ Con’ro1  Wl11  l0,,  portion  of  rtquirtd 

’ optrolion 


ratings  were  based  on  the  tasks  associated  with  the  pilot  maintaining 
the  flight  control  parameters  to  achieve  the  required  flight  profile 
for  each  mission.  After  launch  and  engine  light,  the  pilot  established 
the  specified  angle  of  attack  to  arrest  the  descent  and  to  establish 
the  desired  climb  angle.  During  the  climb,  a lower  angle  of  attack 
was  maintained  between  0.85  and  1.2  Mach  number  for  lateral-directional 
stability  reasons.  At  about  1.2  Mach  number,  a low  angle  of  attack  was 
established  to  allow  the  aircraft  to  accelerate  to  the  planned  maximum 
Mach  number  for  the  flight.  During  the  powered  boost  portion  of  the 
flight,  maintaining  angle  of  attack  was  the  primary  task.  Heading 
corrections,  control  of  uncommand  sideslip  and  roll  excursions,  and 
controlling  the  aircraft  subsystems  were  tasks  which  demanded  the 
pilots  attention  during  this  time,  thereby  increasing  the  difficulty 
of  the  primary  task.  The  primary  items  utilized  by  the  pilot  for 
profile  and  ground  track  control  were  angle  of  attack  (or  pitch  angle) , 
altitude,  indicated  Mach  number,  engine  burn  time,  and  radio  calls 
from  the  ground  controller.  In  addition,  some  stability  and  control 
maneuvers  were  performed  during  this  time  to  obtain  data  with  the 
rocket  engine  on. 

After  the  rocket  eriine  was  shut  down  (or  burned  out)  the  aircraft 
glided  to  "low  key"  where  the  landing  approach  pattern  was  initiated. 
This  deceleration  period  was  the  prime  time  for  flight  data  maneuvers. 
The  primary  piloting  task  during  this  time  was  to  arrive  at  the  desired 
Mach  number  and  angle  of  attack  combinations  and  to  perform  stability 
and  control,  performance,  and  structural  loads  maneuvers  as  required. 

In  addition  to  these  maneuvers,  the  pilot  performed  energy  management 
tasks  as  recommended  by  the  ground  controller.  Just  prior  to  low  key, 
the  configuration  change  was  performed. 

After  low  key,  data  maneuvers  were  curtailed,  and  the  primary  task 
was  tc  perform  a power-off  landing.  The  landing  pattern  consisted  of 
a 180°  turn  from  the  low  key  position  of  20,000  to  25,000  feet.  Air- 
speed was  allowed  to  increase  during  the  turn  such  that  a nominal  air- 
speed of  300  knots  was  established  on  final  approach.  The  flare  began 
at  about  1000  feet  above  the  ground  with  the  aircraft  coming  almost 
level  at  75  to  100  feet.  At  240  knots,  the  pilot  deployed  the  landing 
gear  and  touchdown  occurred  at  about  180  knots. 

Occasionally,  pilots  would  rate  the  handling  qualities  over  a 
time  period  of  sufficient  duration  for  the  pilot  to  assess  the  overall 
flight  characteristics.  Implied  in  such  a rating  is  the  ability  to 
control  angle  of  attack,  airspeed,  bank  angle,  and/or  heading  angle 
for  profile  control,  energy  management,  or  other  mission  task. 

Prsfiiih!  Slmalattr  Still  tt 

An  extensive  simulator  investigation  was  conducted  prior  to  the 
first  flight  of  the  X-24B.  The  first  portion  of  the  simulation  effort 
concentrated  on  designing  the  portion  of  the  X-24B  control  system  which 
differed  from  the  X-24A  control  system.  The  second  portion  defined  the 
predicted  handling  qualities  characteristics  and  stability  boundaries. 
Due  to  the  critical  flight  profile  for  this  type  of  aircraft,  it  is 
extremely  important,  from  a flight  safety  standpoint,  to  conduct  a 
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thorough  preflight  simulator  investigation  to  eliminate  as  many  unknowns 

and  surprises  as  possible.  It  is  also  very  desirable  to  maintain  a 
large  margin  between  first  flight  conditions  and  areas  of  known  instab- 
ilities. The  specific  simulation  studies  performed  for  the  X-24B  are 
listed  and  discussed  in  detail  in  Appendix  E.  A comparison  of  flight 
results  with  these  simulator  studies  is  contained  in  the  section  entitled 
"Confirmation  of  Preflight  Simulator  Predictions". 

Flight  Ttst  Handling  Qualittas 

L punch  Tromlunt 

Recovery  from  the  launch  transient  was  always  the  initial  task 
that  the  pilot  had  to  perform  on  any  X-24B  flight.  The  lower  flaps 
however,  were  set  to  provide  the  desired  trim  angle  of  attack  after 
launch.  The  pilot  could  then  perform  a hands-off  launch  and  the  air- 
craft would  trim  at  the  desired  angle  of  attack.  Most  lauches,  however, 
were  not  hands-off,  but  the  pilot  did  not  attempt  the  transient  immediate- 
ly after  launch.  Since  the  X-24B  was  carried  at  a low  angle  of  attack 
to  insure  clean  separation,  the  initial  part  of  the  transient  was  close 
to  zero  lift.  This  was  followed  by  an  increase  in  angle  of  attack  and 
lift  as  the  trim  angle  of  attack  was  attained.  Sidewash  from  the  B-52 
caused  an  initial  sideslip  condition  of  -2°  and  a roll-off  to  the  left 
after  launch.  Pilots  who  had  never  experienced  an  air  launch  were 
unanimous  in  their  opinion  that  it  was  certainly  a surprise.  However, 
a pilot  with  previous  lifting  body  experience  commented  after  his  first 
flight  "That's  probably  the  smoothest  launch  I've  ever  had  on  a lifting 
body. " Pilot  ratings  were  obtained  from  the  first  five  launches  for 
the  task  to  recover  from  the  launch  transient  to  wings-level  flight 
at  10  angle  of  attack.  Average  pilot  ratings  for  this  task  were  3.0 
for  both  pitch  and  roll;  no  pilot  inputs  in  yaw  were  required.  A time 
history  of  a typical  launch  is  shown  in  figure  8.  The  heavy  weight 
launches  performed  on  powered  flights  exhibited  little  difference  from 
the  lightweight  launches. 

Subtonic  Handling  QuulltUt  (Moth*  0-3  — 0.6) 


The  subsonic  area  as  defined  by  this  report,  will  cover  the  Mach 
number  range  of  0.3  to  0.6.  Since  the  configuration  change  usually 
occurred  at  about  0.6  Mach  number,  the  handling  qualities  discussed 
in  the  section  will  be  for  the  subsonic  configuration.  All  flying  in 
this  area  was  accomplished  in  the  64%  to  65%  eg  range.  A discussion 
of  longitudinal  characteristics  during  the  configuration  change  will  also 
be  presented.  Handling  qualities  with  the  landing  gear  down,  the 
landing  itself,  and  ground  handling  will  be  discussed  in  the  "Final 
Approach  and  Landing"  section. 


The  longitudinal  handling  qualities  of  the  aircraft  with  the 
SAS  on  were  generally  good  in  the  subsonic  area.  Although  pitch  stability 
was  less  than  predicted  (1.0%  to  1.5%  static  margin)  and  the  aircraft 
was  slightly  less  stable  than  desired,  pitch  damping  and  control  were  good. 
Short  period  frequency  and  damping  ratios  were  approximately  0.4  cyc/sec 
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and  0.86  respectively.  Average  pilot  ratings  for  maintaining  angle  of 
attack  control  in  this  area  were  2.5.  Longitudinal  trim  curves  are 
shown  in  figures  Bl  and  B2. 

The  X-24B  showed  some  degradation  in  longitudinal  control  when  the 
pitch  SAS  was  turned  off.  Pilots  commented  that  the  stick  sensitivity 
was  greater  and  that  overshoots  in  angle  of  attack  became  noticeable. 

Pilot  inputs  made  through  the  stick  trim  system  posed  no  problems,  but 
normal  stick  inputs  resulted  in  mild  overshoots  and  small  amplitude 
pitch  oscillations.  Pilot  ratings  for  controlling  angle  of  attack  with 
the  pitch  damper  off  were  3. 0-4.0.  At  no  time  were  any  longitudinal 
PIO  tendencies  reported,  and  pilots  agreed  that  the  X-24B  flew  well  with 
the  pitch  SAS  off  in  the  subsonic  region. 

The  configuration  change  was  unique  since  three  controls,  all  with 
major  pitching  moment  effects,  were  moving  at  the  same  time.  The  upper 
flaps  produced  a strong  nose  down  pitch  change  as  they  closed  from 
-40°  to  -20°.  Nose  up  trim  changes  were  caused  by  closing  the  lower 
flap  and  biasing  the  rudders  inward.  A "hands-off"  configuration  change 
time  history  is  shown  in  figure  9.  The  trim  change  caused  by  the  sur- 
faces moving  is  apparent.  Note  the  automatic  scheduling  of  the  rudders 
and  lower  flaps  sequentially  to  offset  the  effect  of  the  upper  flap. 

Figure  10  shows  a time  history  of  a configuration  change  where  the 
pilot  was  asked  to  hold  angle  of  attack.  Pilot  ratings  for  this 
maneuver  were  2. 0-3.0.  Figure  11  shows  the  same  task  performed  with 
the  pitch  SAS  off.  The  pilot  rating  here  was  a 4.0.  One  comment  voiced 
unanimously  by  the  pilots  was  that  the  configuration  change  was  easier 
to  perform  in  the  aircraft  than  it  was  in  the  simulator.  This  was  pro- 
bably due  to  a lack  of  visual  and  motion  cues  in  the  fixed-base  simulator. 

The  entire  Mach/angle  of  attack  envelope  of  the  X-24B  was  bounded 
at  high  angles  of  attack  by  a pitchup  boundary  where  decreased  to 

zero.  In  the  subsonic  area  this  boundary  occurred  at  about  25°  angle 
of  attack,  much  higher  than  the  angle  of  attack  required  for  operational 
maneuvering.  Since  the  pitchup  boundary  affected  primarily  the  boost 
portion  of  the  profile,  the  discussion  of  the  boundary  will  be  deferred 
to  the  "Transonic  Handling  Qualities"  section. 

Lateral— Directional 


Handling  qualities  in  the  lateral-directional  axis  were  very  good 
subsonically  and  consistently  received  ratings  of  2.0  - 2.5  for  the  task 
of  flying  the  landing  pattern  and  maneuvering  to  final  approach.  Pilots 
were  particularly  pleased  with  the  roll  response  and  control,  and  the 
directional  stability.  One  pilot  remarked,  "In  fact,  there  was  no  roll 
overshoot  in  the  airplane.  If  I wanted  to  stop  at  30°  (bank  angle), 

I stopped  it  there.  I thought  it  was  a nice  handling  airplane  in  roll." 
Another  pilot  described  the  roll  characteristics  as  "a  very  positive 
control  and  just  about  the  right  roll  rate  for  a given  stick  deflection." 
Directional  stability  and  damping  were  considered  good.  Typical  dutch 
roll  frequencies  varied  with  dynamic  pressure  but  were  on  the  order  of 
0-4  cyc/sec.  SAS-on  damping  ratios  were  on  the  order  of  0.26.  Character- 
istics of  the  dutch  roll  varied  directly  with  the  value  of  Cjj,^  (See 
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figures  A28  and  A29) . At  low  angles  of  attack  where  was  small, 
the  dutch  roll  was  a flat,  "snaky"  type  of  motion.  When  the  Cju  was 
large,  roll-to-yaw  ratios  associated  with  an  oscillation  became^ larger . 

In  the  angle  of  attack  range  most  often  flown  after  the  configuration 
change  (8°-12°)  the  roll  damper  was  the  most  effective  means  of 
attenuating  the  dutch  roll  oscillations.  Yaw  rates  generated  during 
an  oscillation  were  usually  not  large  because  of  the  high  yaw  inertia, 
and  consequently  the  yaw  damper  contributed  little  to  dutch  roll  damping. 
Pilots  commented  that  they  could  see  little  or  no  effect  of  the  yaw 
damper . 

SAS-off  lateral -directional  handling  qualities  were  excellent  in 
comparison  to  previous  lifting  bodies.  Although  some  precision  in 
the  control  of  angle  of  attack  and  bank  angle  was  sacrified,  pilots 
were  still  pleased  with  the  way  the  aircraft  flew.  One  pilot's  com- 
ments were  "It  really  flew  well,  you  don't  see  anything  in  yaw,  you 
know,  unless  you  boot  the  rudder.  You  can  sit.  there  and  fly  it  and  roll, 
and  the  nifty  part  was  1 felt  there  was  some  roll  damping  (aerodynamic) 
in  the  airplane  with  the  dampers  off."  Dutch  roll  damping  ratios  with 
the  SAS  off  were  about  0.11,  and  the  characteristics  discussed  in  the 
previous  paragraph  are  applicable. 

Aileron-to-rudder  interconnect  ratios  for  the  subsonic  configuration 
were  investigated  on  one  flight  and  it  appeared  that  the  low  schedule 
(see  figure  D8)  was  clor.e  to  optimum.  The  pilot  reported  however 
that  the  interconnect  ratio  was  not  as  critical  as  earlier  simulator 
studies  had  predicted.  Interconnect  values  of  zero  gave  only  slightly 
degraded  roll  performance,  and  no  PIO  tendencies  were  exhibited  with 
the  SAS  off.  PIO  sensitive  areas,  predicted  by  preflight  simulator 
studies,  were  not  encountered  in  actual  flight.  This  was  attributed 
to  the  fact  that  the  pilots  responded  more  to  roll  rate  than  to  bank 
angle  and  also  to  favored) le  differences  between  predicted  and  actual 
lateral -directional  derivatives  (see  "Lateral -Direction  PIO  Sensitivity" 
section  in  Appendix  D) . 

From  time  to  time  the  X-24B  encountered  buffet  in  the  subsonic 
configuration.  The  buffet  was  caused  by  separation  of  one  or  both 
outboard  vertical  fins  (tip  fins) . The  separation  boundary  was  a 
function  of  both  Mach  number  on  angle  of  attack  and  is  pictured 
in  figure  26.  Since  the  X-24B  used  the  same  tip  fins  as  the  X-24A, 
it  was  assumed  that  the  separation  boundai  established  during  that 
program  would  be  valid  for  the  X-24B.  Thi*;  boundary  has  been  confirmed 
by  buffet,  hinge  moment  changes,  fin  pressure  changes,  tuft  photos, 
and  step  changes  in  the  values  of  Cng.  The  buffet  encountered  was 
described  by  one  pilot,  "I  might  mention  that  up  in  the  10°  angle  of 
attack  area,  there  was  a noticeable  buffet  in  the  airplane,  nothing 
like  a F-104  buffet  when  you  pull  it  back  hard  with  takeoff  flaps  or 
with  flaps  up,  but  it  was  noticeable...."  The  buffet  region  was  invest- 
igated on  several  occasions,  and  no  adverse  handling  qualities  were 
reported. 

Tmntonlc  Handling  QuoUtUt  (Mach-  O.i  - 1.0) 


The  transonic  Mach  number  regime  extends  from  about  0.6 
all  of  this  area  was  flown  in  the  transonic  configuration. 


to  1.0  and 
Flight 
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at  these  Mach  numbers  was  almost  always  of  a transient  nature,  since 
the  aircraft  was  either  accelerating  or  decelerating  rapidly.  Evaluation 
time  was  severely  limited  and  stabilized  flight  at  all  but  the  lowest 
Mach  numbers  (0.6,  0.7)  was  never  obtained.  Flying  in  this  area  was 
done  at  65-66%  c.g.  with  the  power  on  and  64%  c.g.  with  the  power  off. 


Longitudinal  handling  cualities  at  Mach  numbers  of  0.6  to  0.8  were 
similar  to  those  described  for  Khe  subsonic  configuration.  Angle  of 
attack  control  was  described  as  oeing  a little  better  in  the  transonic 
configuration  and  this  is  probably  attributable  to  somewhat  higher  pitch 
damping  (see  figures  A 2 and  A 5 ) . Pilot  ratings  for  this  Mach  number 
area  were  2.0  to  2.5  based  primarily  on  the  ability  to  capture  and 
maintain  angle  of  attack.  Longitudinal  trim  curves  are  shown  in  figures 
B3  through  B7. 


Longitudinal  handling  qualities  from  Mach  0.8  to  Mach  1.0  were 
fair  but  were  degraded  by  several  minor  problems.  The  first  was  the 
rapid  trim  change  as  the  aircraft  accelerated  or  decelerated  through 
this  area.  The  trim  change  (illustrated  in  figure  12)  made  it  more 
difficult  to  control  angle  of  attack  or  pitch  angle,  especially  if 
other  tasks  were  involved.  About  the  task  to  maintain  30°  0 during  the 
boost,  one  pilot  said,  "But  if  a guy  was  to  fly  a good  solid  0 task, 
and  not  have  to  make  heading  changes  and  things  like  that,  it  would 
still  present  a bit  of  a task  because  we  are  still  getting  trim  changes. 
Since  we  changed  Mach  number  in  this  area,  I'd  rate  that  a 3.0  to  3.5." 
On  another  flight  where  the  pilot  was  required  to  perform  a yaw  trim 
task  concurrent  with  the  pitch  task,  this  area  was  rated  4.5.  The  pilot 
rating  improved  to  2.0  to  2.5  during  later  flights  when  the  pilots  had 
flown  the  task  several  times  and  pitch  control  was  the  primary  task 
being  performed. 

The  second  problem  occurred  during  the  portions  of  powered  flight 
where  dynamic  pressure  and  airspeed  were  low.  Pilot  commented  that 
the  pitch  task  became  more  difficult  when  the  dynamic  pressure  de- 
creased to  approximately  75  psf  or  below  as  it  always  did  during  the 
climb  and  acceleration.  Pilot  ratings  for  the  low  dynamic  pressure 
area  were  typically  degraded  .5  to  .1.0  from  those  obtained  at  higher 
dynamic  pressures.  This  problem  was  not  encountered  during  the  glide 
portion  of  the  flight  since  dynamic  pressure  was  higher. 


Another  area  of  concern,  e.  specially  on  early  powered  flights,  was 
a pitchup  predicted  at  moderately  high  angles  of  attack  (figure  13) . 

The  simulator  showed  a very  mild  entry  into  the  pitchup  region,  and 
that  control  could  be  maintained  several  degrees  higher  than  the  angle 
of  attack  at  which  Cm  was  zero.  Although  pilots  never  mentioned 
an  area  of  instability0 (the  pitch  boundary  was  never  intentionally 
violated) , extrapolated  values  of  flight  measured  derivatives  verified 
its  existence  (see  section  entitled  "Confirmation  of  Prefljgnt.  Simula- 
tor Predictions") . The  predicted  existence  of  the  pitchup  boundary  led 
to  the  installation  of  a stick  shaker  warning  device  prior  to  the  first 
flight  and  close  monitoring  of  angle  of  attack  during  all  flights.' 


17 


:::::::: 


::  •-  :r 


SAS-off  longitudinal  handling  qualities  were  again  similar  to  those 
of  the  subsonic  configuration.  The  aircraft  was  lightly  damped,  and 
overshoots  were  common  during  normal  maneuvering.  Pilot  ratings  for 
this  condition  were  not  obtained. 

Lateral  — Directional 


Lateral-directional  handling  qualities  in  the  low  transonic  Mach 
region,  power  off,  were  similar  to  those  of  the  subsonic  configuration. 
Directional  stability  and  roll  response  were  considered  good  and  re- 
ceived pilot  ratings  of  2.0  to  2.5.  SAS-off  handling  qualities  for  this 
area  were  characterized  by  lack  of  precise  control  of  aircraft  attitude 
as  was  noted  for  the  subsonic  configuration.  Lateral-directional  SAS-off 
conditions  were  investigated  only  below  a Mach  number  of  0.8. 

Handling  qualities  with  the  rocket  engine  on  were  seriously  degraded 
by  low  levels  of  directional  stability.  Figures  A38  through  A40  show 
the  effect  of  the  rocket  engine  on  C£„  and  Cn„ . Flight  planning  perform- 
ance requirements  dictated  that  the  powered  boost  be  flown  at  high  angles 
of  attack,  and,  therefore,  all  handling  qualities  investigations  in 
the  transonic  area  with  the  power  on  were  conducted  at  angles  of  attack 
greater  than  10°.  As  these  angles  of  attack  increased,  the  directional 
stability  decreased,  and  the  further  reduction  due  to  the  rocket  engine 
could  cause  Cn„  to  be  zero  or  even  negative.  The  low  levels  of  stability 
were  further  aggravated  by  two  other  phenomena  which  produced  sideslip 
motion.  The  first  was  caused  by  passing  through  lateral  wind  shears  at 
high  climb  rates.  This  caused  an  uncommanded  sideslip  and  made  the 
aircraft  appear  to  be  directionally  unstable.  Wind  shears  are  discussed 
in  some  detail  in  Appendix  C.  The  second  problem  was  a misalignment  of 
the  rocket  engine.  Before  the  first  powered  flight  an  attempt  was  made 
to  align  the  rocket  engine  through  a slightly  offset  lateral  c.g. 
Measurements  made  after  Flight  25  showed  that  the  engine  had  been  over- 
corrected such  that  a nose  right  moment  was  caused  whenever  the  rocket 
was  on.  This  caused  a steady  state  sideslip  of  1°  to  3°  depending  on 
the  level  of  directional  stability.  Since  this  level  of  sideslip  was 
not  observed  when  the  rocket  engine  was  off,  the  power-on  aircraft  ap- 
peared initially  to  the  pilot  to  be  marginally  stable  in  the  directional 
axis.  The  area  of  low  stability  was  particularly  restrictive  at  Mach 
0.95  and  12°  angle  of  attack  (see  figure  A40) . The  low  directional 
stability  became  the  limiting  factor  for  high  angle  of  attack  flight 
in  that  region. 

During  the  latter  portion  of  the  flight  test  program,  several  im- 
provements were  made  in  an  attempt  to  reduce  the  sideslip  encountered 
in  flight.  Since  the  rudders  were  very  effective  throughout  the  area 
of  low  stability,  an  ay  feedback  loop  was  added  to  the  flight  control 
system  after  flight  19  to  reduce  the  steady  state  sideslip.  In  the  tran- 
sonic area,  however,  the  ay  feedback  was  only  partially  effective  since 
low  values  of  dynamic  pressure  made  the  values  of  ay  (and  hence  the 
fixed-gain  rudder  signal)  small.  The  biggest  improvement,  however, 
was  the  realignment  of  the  rocket  engine  prior  to  flight  26.  It  is 
worthwhile  noting  that  the  engine  realignment  was  only  0.5°  but  signifi- 
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Suptnonlc  Handling  QuolM.i  (Mach;  1.Q  _ 1.7) 

ber  ™rS?r2.S?i'!11!!9  2uali!ies  bet“een  a Mm*  num- 

time,  as  in  the  transonic  case  was  °5  1,76‘  Evaluation 

time  was  not  possible.  The  center  of  f£d  stabilized  cruise 

was  64%  to  65%.  gravity  at  these  Mach  numbers 
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For  supersonic  Mach  numbers  between  1.0  and  1.3,  stability  was 
good.  As  one  pilot  commented,  "Once  you  get  beyond  the  transonic  beta 
excursion,  it's  a pretty  good  airplane  to  fly."  As  the  Mach  number 
increased  above  1.3,  directional  stability  decreased.  At  4°  to  5° 
angle  of  attack  with  the  rocket  engine  on,  directional  stability  was 
acceptabie  up  to  1.76  Mach  number.  But  at  7°  angle  of  attack,  values 
of  Cng  approached  zero  as  the  aircraft  approached  its  maximum  Mach 
number  (figure  5).  The  effects  of  low  directional  stability  were 
especially  apparent  before  the  rocket  engine  was  realigned.  Figure  14 
shows  a typical  time  history  of  sideslip  before  and  after  the  engine 
realignment.  The  three  degrees  of  sideslip  shown  in  figure  14  was 
typical  of  flight  at  7°  angle  of  attack  above  1.4  Mach  nuntoer.  Note 
the  reduction  in  sideslip  when  the  engine  was  shut  down.  The  amount 
of  sideslip  generated  was  a strong  function  of  angle  of  attack,  when 
asked  to  discuss  the  handling  qualities  above  1.2  Mach  number  at  8° 
angle  of  attack  with  the  power  on  (before  realignment) , a pilot  replied. 
Right  above  1.2  no  real  problem,  but  as  it  shows  in  the  simulator,  once 
you  get  to  1.3,  you  can  start  noticing  the  reduced  directional  stability. 
And  as  we  got  out  to  1.5  directional  stability  was  considerably  reduced. 

It  is  definitely  less  in  the  airplane  than  the  simulator.  The  pilot 
rating  out  here  is  based  on  the  pulses  at  1.-3  and  1.5.  Beta  slipped  out 
to  the  left  again,  and  I remember  it  going  out  to  at  least  about  3 to  4 
degrees.  I do  remember  coming  in  with  left  rudder  to  bring  it  back. 

This  area  as  a result  of  the  pulse,  would  have  to  be  rated  6.0  in  yaw." 
Asked  the  same  question  about  5°  angle  of  attack  on  subsequent  flights 
the  pilot  said,  "The  airplane  is  considerably  better  at  5°  angle  of 
attack  above  1.2  than  it  is  at  7°  angle  of  attack.  I was  very  confident 
that  beta  (sideslip  angle)  was  not  going  to  take  off  and  cause  me  a lot 
of  worry.  Beta  does  move  out  to  the  left,  just  like  it  has  before,  but 
it  only  gets  out  to  somewhere  between  1 and  2 degrees.  I got  the  im- 
pression that  that's  where  it  wanted  to  sit,  and  it  probably  wouldn't  go 
out  anymore.  So  once  or  twice,  somewhere  in  here,  I pushed  it  in  with 
the  rudder  and  then  didn't  worry  about  it  anymore.  I'd  rate  it  some- 
where around  3.0."  Flight  measured  values  of  Cnft  (figures  A45  through  A48) 
confirm  these  pilot  comments.  p * 


The  reduced  directional  stability  with  power  on  above  1.3  Mach 
number  and  6°  angle  of  attack  was  not  readily  apparent  to  the  pilot 
un  ess  he  noted  the  visual  sideslip  display.  There  was  no  uncommanded 
roll  mis trim  since  the  dihedral  effect  at  these  conditions  was  negligible. 
Sideforce  at  the  pilot's  station  was  sufficiently  low  as  to  be  easily 
unnoticed  when  concentrating  on  the  task  other  than  directional  stability. 
T..^fl1CtAon  stat)i1ity  was  considered  a hazard  and  treated  as  a 
stability  boundary.  In  addition  to  the  ay  feedback  system  discussed 
earlier,  an  audible  warning  system  was  mechanized  which  notified  the 
pilot  when  the  sideslip  exceeded  3.5  degrees. 

Power-off  handling  qualities  in  the  supersonic  area  were  improved 
over  those  with  the  power  on.  Again,  the  removal  of  the  rocket  engine 
moment  and  increased  levels  of  directional  stability  with  the  rocket  off 
were  the  primary  reasons.  Pilots  flew  as  high  as  12°  angle  of  attack 
at  Mach  1.4  (aft  stick  limit)  and  reported  no  problems.  Most  of  the 
supersonic  time,  after  engine  shutdown,  was  spent  performing  data  maneu- 
vers, and  no  lateral -directional  handling  qualities  evaluations  were  done. 
Pilots,  however,  never  had  any  complaints  about  the  way  the  aircraft 
flew  supersonically  with  the  power  off. 
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SAS-off  handling  qualities  were  not  investigated  for  the  super- 
sonic area. 

Flnol  Approach  ond  Landing 


Handling  qualities  for  both  the  longitudinal  and  lateral-directional 
axes  were  excellent  during  the  final  portion  of  the  flight.  The  handling 
qualities  of  the  aircraft  compared  favorably  with  fighter  class  aircraft 
and  led  to  the  first  conventional  runway  landings  for  an  aircraft  of 
this  type.  Pilot  ratings  for  flaring  the  aircraft  ranged  from  1.0  to 
' o.  Ratings  for  landing  the  aircraft  were  2.0  to  3.0.  One  pilot  with 
extensive  lifting  body  experience,  summarized  the  flare  and  landing 
characteristics  by  saying  "If  we  were  to  look  at  the  airplane  from  the 
start  of  flare  through  touchdown,  in  the  two  flights  I ve  seen,  this  ^ 
airplane  is  far  superior  to  any  of  the  other  airplanes  (lifting  bodies). 
Roll  response  was  considered  good  for  heading  and  bank  anfle  ^on^fo1' 
and  no  PIO  sensitive  areas  were  ever  encountered.  Control  effective  » 
in  qeneral , was  very  good  down  to  the  low  airspeeds  encountered  at 
touchdown.  Some  of  the  specific  items  which  affected  the  handling 
qualities  are  discussed  below. 

Turbulence  was  not  a problem  for  the  X-24B  because  of  the  relatively 
low  dihedral  effect.  The  response  in  turbulence  was  compared  to  an  F-104 
and  was  characterized  by  small  "choppy"  inputs  in  sideforce.  Earlier 
lifting  bodies  had  experienced  very  sharp,  low  magnitude  roll  inputs 
in  turbulence.  These  were  caused  by  a very  high  dihedral  effect  and 
were  described  by  the  pilots  as  a very  uncomfortable  feeling  that  the 
aircraft  was  about  to  roll  over.  The  low  values  of  C*-  on  the  X-24B 
eliminated  the  roll  inputs  and  provided  a much  nicer  flying  aircraft  in 
turbulence.  This  was  a very  significant  improvement  over  earlier  lifting 

bodies '. 

Another  pleasant  surprise  for  former  lifting  body  pilots  was  the 
lack  of  a landing  gear  transient.  For  performance  considerations,  the 
landing  gear  on  the  X-24B  and  the  lifting  bodies  was  deployed  after 
the  flare  at  approximately  50  feet  above  the  runway.  This  occurred 
between  6 and  15  seconds  prior  to  touchdown  (gear  extension  time  was 
approximately  1 second) . Some  of  the  previous  lifting  bodies  (notably 
the  X-24A)  exhibited  a noticeable  pitch  down  at  gear  extension  which 
resulted  in  an  annoying  longitudinal  disturbance.  The  increased 
drag  load  below  the  aircraft  eg  played  a small  part,  in  the  pitch  down, 
but  the  fact  that  both  main  and  nose  gear  deployed  forward,  thereby 
shifting  the  longitudinal  eg  forward,  was  the  major  contributor.  During 
the  modification  of  the  X-24A  to  the  X-24B,  the  nose  gear  was  designed 
such  that  it  deployed  aft  and  rM  nose  gear  door  was  designed  to  produce 
less  drag.  The  resultant  eg  shift  then  was  negligible,  and  the  nosedown 
trim  change  at  gear  extension  essentially  disappeared.  Tb®  P£®dict 
aerodynamic  effect  on  pitching  moment  was  small,  ^hic^ 
in  flight  (figure  B14)  . Although  a reduction  in  Cn«  (see  figure  A27) 
was  due  to  gear  extension  measured  in  flight,  it  wal  not  apparent  to 
the  pilot  and  did  not  result  in  a degradation  in  handling  qualities. 
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An  apparent  ground  effect  was  detected  in  the  time  between  gear 
extension  and  touchdown.  This  manifested  itself  as  a relaxation  of 
longitudinal  stick  forces  as  the  aircraft  came  in  close  proximity  with 
the  ground.  Thus,  pilots  were  required  to  relax  back  pressure  on  the 
stick  to  maintain  angle  of  attack,  or  experience  an  increase  in  angle 
of  attack  if  stick  position  were  held  constant  (see  figure  B14) . The 
pilots  were  not  concerned  with  this  phenomenon  because  the  aircraft 
responded  well  to  pilot  commands . Pitch  control  close  to  the  ground 
was  good . 

As  mentioned  previously,  pitch  control  was  transferred  from  the 
lower  flaps  to  the  upper  flaps  when  the  lower  flap  closed  to  zero. 
Associated  with  this  control  transfer  was  a deadband  equivalent  to 
one  half  inch  of  stick  travel.  Thus  the  pilot  could  move  the  stick 
one  half  inch  and  neither  upper  or  lower  flap  would  move.  This  dead- 
band was  encountered  on  many  flights  just  before  touchdown.  Comments 
from  the  pilots  indicated  they  were  often  not  aware  they  were  flying 
in  the  deadband  region  and  could  not  detect  any  decrease  in  pitch  con- 
trol because  of  it.  On  one  flight  a pull-up  maneuver  at  high  altitude 
was  performed  to  pull  into  the  crossover.  Figure  15  shows  a time  his- 
tory of  that  maneuver.  The  pilot  mentioned  that  the  only  problem 
associated  with  the  deadband  was  gauging  the  size  of  the  stick  input 
required  to  pull  through  it. 

Another  unique  feature  of  the  X-24B  landing  was  that  the  nose 
could  not  be  held  off  after  the  main  gear  touched  down,  because  the 
eg  was  considerably  forward  of  the  main  gear.  The  average  time  bet- 
ween main  gear  touchdown  and  nose  gear  touchdown  was  approximately  1.5 
seconds.  This  characteristic  was  a very  impressive  experience  to  the 
pilots.  After  the  first  flight  in  the  aircraft,  the  pilot  remarked, 

"The  nose  comes  through  very  rapidly,  as  everybody  told  me  it  would. 
There's  nothing  you  can  do  about  it.  It  seems  like  it's  going  to  go 
all  the  way  into  the  lakebed."  After  several  flights,  pilots  became 
accustomed  to  the  rate  (20deg/sec)  and  accepted  the  characteristic. 

This  rapid  nose  slap  down  was  perhaps  a contributor  to  undesirable 
lateral -directional  deviations  during  crosswind  landing. 

Crosswind  landings  represented  the  only  facet  of  the  landing  where 
the  aircraft  handling  was  not  good.  A ten  knot  crosswind  limit  was  in 
effect  for  most  X-24B  operations  and  two  landings  were  made  at  or  near 
that  limit.  On  the  first  crosswind  landing  the  pilot  commented,  "Okay, 
because  of  a little  right  crosswind,  I was  holding  a little  right-wing 
down  and  I touched  down  on  the  right  gear  first,  and  as  it  touched  down, 
I got  the  impression  that  the  nose  had  sliced  rather  than  come  straight 
down.  While  it  was  doing  this,  the  other  gear  came  down."  On  the 
second  crosswind  landing  the  pilot  gave  this  account.  "I  felt  I touched 
on  both  mains.  As  the  airplane  started  to  settle,  the  left  main  settled 
a lot  faster  than  the  right,  giving  me  the  impression  that  the  left  main 
was  collapsing.  I reached  up  and  grabbed  the  gear  handle  again  just 
as  a reflex  action,  and  about  that  time  the  nose  got  to  the  ground. 

I started  to  control  it  with  rudder  and  possibly  aileron.  I got  the 
nose  gear  steering  armed  as  soon  as  I got  the  nose  on  the  ground, 
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opened  the  flaps  and  then  became  aware  that  it  was  time  to  really  start 
steering  because  I was  starting  to  drift  left  really  rapidly  with  the 
right  crosswind."  (Rate  the  airplane  during  the  upset  at  touchdown). 

"The  airplane  touchdown  was  very  smooth  and  I'd  rate  it  a two,  it  really 
felt  nice.  From  touchdown  until  both  mains  deflected  to  the  same  degree, 
the  airplane  would  have  to  be  called  uncontrollable  because  I couldn't 
control  it.  From  mains  touching  to  nose  touching  down  you  don't  have 
any  control  over  the  airplane  and  I certainly  didn't  have  any  control 
over  the  roll  rate  . Once  the  roll  had  quit  and  I realized  that  the 
mains  were  ok,  then  the  airplane  became  a very  controllable  airplane. 

Nice  qualities  with  that  amount  of  crosswind;  I'd  rate  it  a three." 

Figure  16  shows  a time  history  of  the  second  landing.  Neither  landing 
resulted  in  any  damage  to  the  aircraft,  but  both  were  uncomfortable 
experiences  for  the  pilots  involved. 

The  ground  handling  characteristics  of  the  X-2.4B  were  considered 
excellent  for  thi^  type  of  aircraft.  A total  of  four  types  of  steering 
could  be  used  :.cr  directional  control  on  the  ground.  Above  100  knots 
both  aileron  and  rudders  were  effective  in  steering  the  aircraft.  Their 
effectiveness,  however,  decreased  markedly  once  the  airspeed  dropped  be- 
low 100  knots  . Nosewheel  steering  was  used  at  that  point  and  worked  very 
well.  The  following  quote  from  the  second  crosswind  landing  serves  to 
illustrate  the  effectiveness  of  the  nosewheel  steering,  "I  got  the  nose 
gear  steering  armed  as  soon  as  I got  the  nose  on  the  ground,  opened  the 
flaps,  and  then  became  aware  that  it  was  about  time  to  really  start 
steering  because  I was  starting  to  drift  left  really  rapidly  with  the 
right  crosswind.  I got  the  nose  gear  steering  engaged  and  stuck  in 
some  rudder  (rudder  pedals  controlled  the  nose  gear  steering)  to  control 
that  left  drift;  I got  very  good  response,  no  problem  controlling  the 
airplane.  I had  to  put  in  enough  so  I did  feel  some  sideforce  and  felt 
that  certainly  the  mains  were  taking  some  wear  on  the  tires,  but  I felt 
that  at  no  time  was  I in  any  danger  of  rolling  over.  Nice  qualities 
with  that  amount  of  crosswind;  I'd  rate  it  a three."  In  addition  to 
the  nose  wheel  steering,  differential  braking  was  used  on  some  occasions, 
but  the  braking  on  the  aircraft,  both  differential  and  total,  proved  to 
be  less  effective  them  desired. 

PlUt  Checkout  Program 

At  the  end  of  the  X-24B  basic  research  program,  a six-flight  pilot 
checkout  program  was  conducted.  Three  pilots,  without  previous  lifting 
body  or  X-24B  experience,  were  given  two  glide  flights  each  to  gain 
experience  with  procedural  considerations  and  handling  qualities  for 
this  type  of  aircraft.  Each  flight  was  conducted  with  several  typical 
data  maneuvers  and  evaluation  time  for  SAS-on  and  SAS-off  handling 
qualities.  The  Mach  numbers  covered  were  0.7  and  below,  both  transonic 
and  subsonic  configurations  were  flown,  and  the  longitudinal  eg  was 
fixed  at  64.5%. 

Since  the  envelope  involved  in  the  checkout  program  had  been  explored 
previously,  no  startling  revelations  or  problems  came  out  of  the  check- 
out program.  Their  flights,  however,  did  provide  additional  independent 
evaluations  from  experienced  test  pilots,  with  various  flying  background. 
Table  3 summarizes  the  pilot  ratings  and  comments  obtained  from  these 
flights . 
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Table  3 

PILOT  RATINGS  FROM  CHECKOUT  FLIGHTS 
Pilot  Ratings 


Recover  from  launch 
and  acquire  10°  a 


Recover  from  launch 
and  acquire  5°  a 


Pu^lup  and  capture 
12  a 


Handling  qualities  with 
-40°  6Ub  (M=0.6 , a=l0°) 


Pitch  handling  qualities 
with  -40°  6Ub  and  pitch 
SAS-off  (M-0..6,  a=10°) 


Pitch  handling  qualities 
during  Fushover-pullup 
maneuvers  (6UR«-40, 

M=0 . 6 ) 


Configuration  change 
while  maintaining 
± l°ot . 


Pitch  SAS-off  configura- 
tion change  while 
maintaining  ±l°a. 


Handling  qualities  with 
-20°  6ub  ( M=0 . 5 , 

0*10°) 


Handling  qualities  with 
-20o  <5ub  and  all  SAS-off 
(M-0.5,  a=10°) 


Pilot 

A Pilot  B 

Pilot  C 

Comments 

1.5 

2.0 

2.5 

Not  much  trimming 
required . 

3.0 

3.0 

2.0 

2.5 

3.0 

2 .0 

3. OP 
2. OR 



3.0 

Good  bank  angle  con- 
trol, pitch  stability 
light 

4 .0 

4.5 

3.0 

2.0 

Poorer  ratings  for 
a tracking  tasks  - 
aircraft  is  sensitive 
in  pitch.  Better 
ratings  for  trimming 
tasks. 

i 

' j 

3.0 

3.0 

| 

Sat 

3.0 

2.0 

Easier  than  simulator 

t 

4 .0 

5 .0 

3.0 

Hard  to  keep  angle 
of  attack  from  "bob- 
bling" 

2.0 

2.0 

Good  handling  qualities 
in  pitch  and  roll 

3.0 

4. OP 
2. OR 
4.0Y 

3. OP 
4. OR 
3.0Y 

Lightly  damped.  Lack 
of  precise  control  - 
some  overshoots.  No 

Keyi  P-Pitch  R-Roll  Y-Yaw  Sat-Satisfactory  (1,  2,  or  3) 

.all  taslcs  are  performed  with  the  SAS  system  on  unless  other  wise  noted. 
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Table  3 (Concluded) 

PILOT  RATINGS  FROM  CHECKOUT  FLIGHTS 


Pilot  Ratings 


Task  5 

Pilot 

A Pilot  B 

Pilot  C 

Comments 

Handling  qualities 
in  landing  pattern 
(M=0.5,  a*8°) 

2.0 

2. OP 
3. OR 

Spiral  stability  a 
minor  problem.  Pitch 
stability  is  light. 

Handling  qualities 
in  larding  pattern 
with  all  the  SAS  off 
(M=0 . 5 , a=8°) 

3.0 

3.5 

3. OP 
4 .OR 
3 . 0Y 

Spiral  stability  a 
problem  in  the  turn. 
SAS-on  is  a generally 
tighter  aircraft. 

Landing  flare  (Kq=.54) 

1.0 

— 

— 

Landing  flare  (KQ=.38) 

1.0 

4.0 

2.5 

Flare  slightly  over- 
controlled. Pitch 
damping  noticeably 
lighter  with  the 
lower  SAS  gain. 

Landing  (Kq=.54) 

— 

3.0 

2.5 

Sensitive  in  pitch. 

Landing  (Kq=.38) 

2.0 

3.0 

3.5 

Liked  better  than  the 
landing  with  Kq*.54 
but  the  pitch  axis 
i3  a little  loose. 

Key:  P-Pitch  R=Roll  Y«Yaw  Sat=Satisfactory  (1,  2,  or  3) 
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Pltchup  Boundary 


Continuation  ot  Preflight  Simulator  Prodictions 


This  section  will  present  a comparison  between  information  extracted 
from  flight  test  results  and  data  obtained  from  the  simulator  studies 
performed  before  first  flight.  The  comparison  is  not  intended  to  be 
comprehensive  and  will  only  highlight  some  of  the  more  interesting 
findings . 

Pitchup  Boundory 

Figure  17  shows  the  pitchup  boundary  as  defined  before  first  flight 
and  several  data  points  confirming  its  existence.  The  data  points  have 
been  determined  by  extrapolating  measure  values  of  CmQ(  over  one  or  two 

degrees  angle  of  attack.  The  pitchup  boundary  was  never  intentially 
crossed,  and  pilots  never  reported  flying  an  unstable  aircraft  in  pitch. 
Agreement  between  the  predicted  pitchup  boundary  and  the  extrapolate 
flight  test  data  point  is  good.  At  supersonic  Mach  numbers,  extrapolation 
of  data  to  zero  Cma  is  not  possible,  but  high  angle  of  attack  Cm^'s  are 

higher  than  predicted.  It  is  probable  then,  that  the  predicted  pitchup 
boundary  is  conservative  in  this  area. 

PIO  S.ntltlvlty 


The  PIO  sensitive  area  predicted  by  the  simulator  (see  Appendix  E) 
caused  some  concern,  and  so  early  in  the  flight  test  program  the  actual 
SAS  off  lateral-directional  PIO  tendencies  were  investigated.  The  flight 
conditions  at  which  the  investigation  occurred  are  shown  in  figure  Dl5. 

The  pilots  found  no  PIO  tendencies  whatsoever  during  flight.  This  tends 
to  confirm  the  simulator  results  obtained  using  aileron  to  roll  rate  pilot 
transfer  functions  and  indicates  the  pilots  responded  to  roll  rate  in 
flight.  In  other  words,  because  of  motion  cues,  they  responded  much 
quicker  during  actual  flight  than  they  did  using  a fixed  base  simulator. 

A second  factor  contributing  to  the  absence  of  PIO  sensitivity  was 
the  change  of  several  derivatives  which  play  a key  role  in  the  determina- 
tion of  PIO  tendencies.  Fcr  example,  Cng  was  25%  higher  than  predicted 

in  the  mid-angle  of  attack  range  and  Cn^a  was  30%  tc  50%  less  than  pre- 
dicted. Both  of  these  changes  would  contribute  to  reduced  PIO  sensitivity. 

For  this  vehicle,  simulator  results  were  conservative  in  that  the  PIO 
tendencies  shown  on  the  simulator  did  not  occur  in  flight.  If  the  tenden- 
cies had  been  reversed  such  that  the  vehicle  were  PIO  sensitive  to  a/P 
transfer  functions  (such  as  might  be  the  case  with  a vehicle  with  a high 
Cjj,g  to  Cng  ratio)  , a fixed  based  simulator  would  probably  not  predict  PIO 

tendencies  which  might  occur  in  flight. 

Handling  Qgalltia*  Boundorla* 


One  of  the  most  usefull  ways  of  describing  the  flight  envelope  of  an 
aircraft  like  the  X-24B  is  with  a Mach/angle  of  attack  plot.  On  this  plot 
the  handling  qualities  or  stability  and  control  characteristics  which 
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limit  flight  are  represented  as  boundaries.  Figure  18 

aualities  boundaries  which  were  developed  before  first  flight.  No 
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transonic  region,  all  lateral-directional  limiting  conditions  wJr®  ab  a"g* 
of  attack  above  the  pitchup  boundary  'nd,  therefore,  were  not  of  major  con 

cern. 

The  boundaries  defined  after  analysis  of  all  ava^;bJ®  1 f li^refeJenc^cq 
are  shown  in  figure  19.  These  boundaries  are  presented  for  the  reference  cg 
of  to  be  consistent  with  the  data  comparisons  made  throughout  this  re 

JLrt  During? light  ?hecg  varied  from  66%  at  launch  to  64%  at  maximum  Mach 

number  as  propellant  was  consumed.  Therefore  the  actual  limiting  ang* 
attack  during  flight  were  somewhat  higher  than  the  values  shown.  A d s 
Sio£  of  the!2  boundaries  with  respect  to  the  actual  eg  during  : flight  is  con- 
tained in  reference  1.  In  many  cases  these  boundaries  w*f®  ^®®d  *® 

aervative  extrapolations  of  the  flight  test  data  to  the  limiting  val'*®®* 

As  previously  discussed,  the  angles  of  attack  where  Craa  was  zero  were  clus 

or-«dicted  between  0.6  and  0.9  Mach  number.  (Insufficient  data  was  a- 
vailable  at  all  other  Mach  numbers  to  define  Cmo-0.)  The  maximum  atta 

s*.  samaras  SS  Sbs- 

Although  zero  Cn»  was  not  a limiting  boundary  per  se,  flight  in  areas  where 
c_  approached  zero  was  explored  with  caution  in  an  incremental  manner. 

With  the  rocket  engine  off,  Cng  was  zero  (at  angles  of  attack  below  pitchup) 
above  1.3  Mach  number  only.  An  even  larger  area  of  negative  CnB  was  de- 
fined over  the  transonic  and  supersonic  Mach  range  as  a result  °*  ®®r°" 

SFS&SSS'. on  flight 

boundarien'nignificnntl^rnducnd1^*011* 

“abX  »,““f  attack.  Neither  of  the  C„s*-0  bounderie.  were  violated 
during  test  program. 

No  power-on  CnB  boundaries  are  shown  on  the  predicted  boundary  plot, 
of  the  rocket  exhaust  conditions  was  not  exact  (hence  the  resulting  aaca 

lateral-dir.ctional^tability  were  con.id.rably  nor.  reetrlctiv. 
ducted  for  most  test  programs. 
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STABILITY  DERIVATIVE  RESULTS 

Stability  derivatives  were  extracted  from  flight  test  data  as 
both  a research  objective  and  a means  to  insure  a safe  flight  envelope 
expansion.  A knowledge  of  the  aerodynamic  derivatives  simplified  the 
analysis  of  aircraft  motions  and  made  the  task  of  pinpointing  problem 
areas  much  easier.  In  addition,  the  heavy  reliance  of  the  test  program 
on  the  simulator  made  authenticity  mandatory,  and  revision  of  the  sim- 
ulator with  flight  determined  derivatives  was  the  most  accurate  method 
of  insuring  simulator  fidelity. 

M'tNtf 

Two  methods  of  extracting  stability  derivatives  were  used  on  the 
X-24B  flight  test  program.  The  Modified  Maximum  Likelihood  Estimator 
(MMLE)  is  an  all-digital  computer  program  that  was  used  for  routine 
processing  of  data.  MMLE  is  an  output  error  program  that  uses  a 
nodified  Newton-Raphson  technique  to  attain  convergence.  Features  of 
the  program  include  a signal  noise  weighting  function  (noise  covariance 
matrix)  and  an  a priori  weighting  scheme.  Both  features  were  used  to 
determine  flight-measured  derivatives.  The  ease  and  speed  of  setup  and 
execution  made  derivative  results  available  within  a day  after  the 
engineering  units  tape  (which  contained  flight  time  histories)  was 
received. 

The  second  method  was  a hybrid  matching  technique  named  STABDIV. 

This  was  a sophisticated  manual  matching  process  that  allowed  greater 
accuracy  in  less  time  than  obtained  with  earlier  analog  matching  tech- 
niques. A digital  computer  is  used  to  store  and  recall  time  histories 
of  measured  control  surface  inputs  and  aircraft  response.  Equations 
of  motion  are  solved  by  an  analog  computer  in  a repetitive  operation 
mode,  and  the  computed  and  measured  reponses  are  shown  as  standing  waves 
on  a cathode  ray  tube.  The  effect  of  changing  a derivative  can  be  seen 
instantaneously  by  viewing  the  standing  waves  on  the  cathode  ray  tube. 
While  the  hybrid  technique  represents  a marked  improvement  over  conven- 
tional analog  methods,  it  still  requires  more  time  and  expertise  than 
the  MMLE  program.  The  advantage  of  STABDIV  lies  in  the  fact  that  the 
operator  may  quickly  assess  the  accuracy  of  the  derivative  he  is  deter- 
mining. The  sensitivity  of  the  match  to  particular  derivatives  and 
other  derivative  trade-offs  is  readily  apparent,  and  the  accuracy  of 
any  one  derivative  for  a single  case  is  better  known.  For  this  reason, 
STABDIV  was  used  in  conjunction  with  MMLE  during  the  early  phases  of 
the  flight  test  program  to  determine  results  from  "envelope  expansion 
maneuvers.  Once  the  available  envelope  had  been  explored,  the  use  of 
STABDIV  was  discontinued. 

Test  conditions  were  selected  to  determine  the  effects  of  angle 
of  attack,  Mach  number,  power,  control  system  biases,  and  Reynolds 
number.  For  the  purpose  of  derivative  extraction,  the  X-24B  was  assumed 
to  be  rigid.  Due  to  the  boost/glide  nature  of  the  l ights,  test  time 
in  a trimmed  and  stabilized  condition  was  minimal.  The  derivative 
extraction  maneuvers  performed,  however,  were  usually  short  in  duration 
(5  to  10  seconds) , and  the  flight  conditions  usually  did  not  change 
appreciably  in  that  time.  Most  of  the  results  presented  in  this 
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obtained  from  SAS-off^ata^r^u^fiiv^^16  SAS  °n'  while  derivatives 
tional  stability  in  some  areas  anr’  hh«  accufate'  low  lateral-dircc- 

to  SAS-off  flight  conditions  t0  reveLrt.  from  SAS -on 

formed  with  the  SAS  on.  Flight  condition!^ fc  °f  the  j nputs  being  per- 
during  the  program  are  shown  in  figures  20  III  ™ne"vers  performed 

through  doublets  initiated 

pulses  were  essential  for  obtaining  ac?u?!£eP£?i5\  • SharP  douhlets  a"d 
separation  of  the  control  inputs  frnn,  Ihl der^vatlves  * as  they  allowed 
vented  the  tMde-o«s  StwlSJ  SnSl  2?  aircra ^response.  This  pre- 
occur with  a slow  maneuver.  A lo^gitudiLl^n"9  deri vatives  that  often 
two  rapid  elevator  pulses  fol  d 1 ■ maneuver  consisted  of  one  nr 

A lateral-directional  maneuver°was  ftl?i£2°£v°f  s!:ick  free  °*ctllatioJ. 
followed  by  two  to  thr^neSJdrif  ?rei  Soi^-?(SharP  Judder  douhlet 
by  an  aileron  doublet.  Doublets  w«™  4at  on'  and  terminated 

doublet  would  aid  in  keeping  the  aircraft °Ve?  puJses  because  a 
unplanned  maneuvers  such  as  a pilot  *??? -level  flight.  Some 

several  sideslip  excursions  oscillation  (Pio)  and 

history  matches  were  often  good  it  an?'  al  though  the  time 

were  very  misleading.  Subslque  it  dat?  that  h'hf  derivative  values 

tion  between  data  obtained  from* doublet  mniof 18  revealed  Poor  correla- 
non-doublet  maneuvers.  Figure  22  shows  nn  uvers  and  data  taken  from 
maneuver  and  the  correspond9^  °f 

Aircraft  ™el“aSoU“  "MA  personnel- 

by  accelerometers,  gyros  and  an  attitude gl  were  measured 
of  attack  and  sideslip  were  measured  by n£se ]&m^?f?iVely  * Angles 
nose  boom  also  measure  static  and  +.«♦.,  i b m mounted  vanes.  The 

of  altitude,  airspeed,  Mach  nunfcer  and  dvnarHr*^  ln  the  calculation 

transmitted  via  a PCM  telemetry  system  ^alibraH 8sure . These  data  were 
data  was  written  onto  a magnetic  tape  at  J?1*? rations  were  made  and  the 
data  except  for  bank  angle nit £h  »n^  samples  per  second.  All 
transients,  and  phase  lag.  ^ere  reiatively  free  of  noise, 

phase  lag  associated  with  them  but  !h«d  pitch  angle  had  a noticeable 
least  important  in  thl  SrlSSiJ StSSioS^46”  are.probabiY  the 
inertias  were  determined  exnari n«r.4-»i  facti?n  Process.  Weight,  eg,  and 
calculated  for  each  succeeding  fligh Abased01  t0  firSt  flight  and  then 
ment  and  propellant  usage  G?e ate?  detail  , CUXfent  aircraft  equip- 

be  found  in  reference  1.  r detail  Concerning  these  items  may 

of  the  tec hni que s^and 3 cons ide  ra  t i on  s reo?i?Sd°f  giVe  °nly  311  overview 
extraction  effort.  A complete  di??ussi?n  Jf  t£«  a successful  derivative 
programs  involved  may  be  found  in  esf  techniques  and  the  two 

on  the  STABDIV  program  is  previdSd^n  re^^ence  4Afltional  discussion 


of  Dynami?  Stability  S^cStrel.  ^frTi/lb  ^tbod  for L^£gt  and  Analysis 
CiF^r,  Edwards  M'B,  CiTHolF^  N^Ser  1975" Alr  Forc^W~i4iF- 
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spuwy  Pi,^t 

WtoA  'Lw-v^oU.  1 


Wind  Taanal  Data 


from  gUnnel°r  predict®dVesti^te!11WindPt^JeieD  "di*  ?*®  approPriate 

The  source^f^each  TnT tTneVtul^  JHt^Sram. 

identified  using  table  4.  Most  If^hi^J a 8 ° therwise  noted)  may  be 
figures  and  in  table  4 were  obtafL^e  wind  tunnel  data  shown  on  the 
program.  As  the  program  progressed  fdd?Y  SfS  f0*1  fairly  earlV  in  the 
were  completed,  while  the  dlta  from  additonal  wind  tunnel  studies 
used  for  simulator  updates,  mIpIJIJ  itSt  5?8ts  Were  analyzed  and 
sentation  in  this  report.  Additi^nfi 1fmi^a^i°ns  Precluded  their  pre- 
Penormed  by  Arnold  Engineering  DeveLSiJ^i|Cluded  trans°nic  tests 
(source  for  the  AEDC  data  in'  figSJTaJ'T  Center  (AEDC)  in  19  74« 
by  Langley  Research  Center  in  197?»  2V  ' suPers°nic  tests  performed 
AEDC  in  1973.  >0  Since  Sn  f?ight  de^vst?"*  transonic  tests  -Je^y 

ef facts  ' correcti°ns  hatl £een £*1 S'^fi*?***  ln  a tri™*d 

effects  of  upper  flaps,  lower  flaps  ^7®*°  X®  ind  tunnel  data  for  the 
The  derivatives  Co.,  Co.  and  r P ' ailer°n  bj,ag>  etc.  where  applicable 
number  only.  Wind6tunn£f  fo^thHe"^  as . Actions  of  mI ch 

tions  as  angle  of  attack  changed  bu?none  ?f1V8tl ^ 8 shoWed  Sina11  varia- 
approximation.  All  wind  tunnll Pr“diSt?«ni'  90  e?°ugh  to  void  th® 
center  of  gravity  of  66  per  cent!  shown  for  the  reference 

data  for  Mach  number  of  l l and  i ? °^ld  be  noted  that  wind  tunnel 
Of  1.0,  1 15  and  1.3.  from  Mach  »«*„, 

derived  from  tests  conducted  °f  1'4t  1-6  and 

Sh  ‘ °5  SOme  Mach  numbers,  a p^w^r-o^  "umbers  of  1.3,  1.5  and 

shown.  These  data  ^e  from  test^lZ  tUnnel  Prediction  has  been 

the  exact  rocket  ex  ust  111  w"i'-b  it  was  not  possible  to  nmtoh 

power-on  ourvea  aSufd  “HnSSr^^  in  Hen« 

intended  to  match  the  power”™  tL+?SSt  — •»  i"  no 

Data  Plata  ait!  Ptlata 


they  con  tribute  Significantly  to  th°Wn  tha  body  of  the  report  unless 
degradation  or  other  specific  effeo*  e£Planation  of  a handling  qualities 
derivatives  values  is  SnJained  fn  lon^nsf^f'  the  COmP^te  sit  of  ® 
on  the  plots  comes  from  a maneuver  E?ch  data  P°int  depicted 

been  determined  or  fixed  at“52?U  a11  Pertinent  derivatives  ha™ 

"»3or  derivatives  f^&,*3E£iV££  £~’ 

y 1 rge  errors  in  minor  derivativ* 

i Re  i ere  nee  51  whoric  7 m 

Scale  Model  of  the  AFFDLVLjrTN  3"^°  of  a 5.5  Po rcenl 

Engineering  Development  Center.  tool; 

9 ai-5,  Tennessee,  February  1975. 

**6i6r6nc6  6 s Norri  s pi  -l  * n 

Characteristic.  „ th^  ?f  Syo rsonic_A^rodynamic 

Calory, -wHiCTrpJx,,^,, 
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Table  4 


Wind 

Tunnel 

Sources 

Derivative  Description 

Mach 

Ran  ge 

Source 

All  power-off  stability  deriv- 
atives except  damping  deriva- 
tives 

0.4  - 

1.3 

Cornell  Aeronautical 
Laboratory,  8 -Ft  Transonic 
Wind  Tunnel " 

All  power-off  lateral-direc- 
tional stability  derivatives 
except  damping  derivatives 

1.5  - 

1.76 

Arnold  Engineering  Develop 
ment  Center  VKF  Supersonic 
Wind  Tunnel  12 

All  power-off  longitudinal 
stability  derivatives  ex- 
cept damping  derivatives 

1.5  - 

1.76 

Arnold  Engineerina  Develop- 
ment Center  VKF  Supersonic 
Wind  Tunnel  1«  4 

All  power-on  derivatives 

0.8  - 

1.2 

NASA  Langley  16 -foot  Tran- 
sonic Tunnel  " 

All  damping  derivatives 

0.4  - 

2.0 

Calculated  estimate  1* 

All  gear  down  derivatives 

0.17 

Air  Force  Institute  of 
Technology  Five-Foot  Sub- 
sonic Tunnel'® 

Mode  ^of  "the  FDL-fXfti,  Aq^odv  Test®  on  a -08  Scale 

X-24BeSnfiqirationnataL^  m**,1'  Aerodynamic  Character*  e.t  of  the  AFFDL 

Aerodynamics  of  theXX-24A  ard' Y-^i r*^'  e» ff  ""^1 1 ~ — — -et  Exhaust  on  the 

by°AFFDL?  ^hea^data  were  ?-i1Ji?Irti5^mia  ?°!np^t®r  Program  developed 
dynamic  shape.  originally  calculated  for  the  KDL-7  aero- 
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Cerrelotlon  B*tw«tn  Cornell  and  AFIT  Wind  Tunnel  Dete 


For  example,  Cn6r  obtained  from  a maneuver  where  CnR  was  off  by  a factor 

wou^  "?fc  be  used.  In  some  cases  the  program  was  unable  to  deter- 
mme  a realistic  value  for  one  or  more  derivatives  (usually  damping 
derivatives).  These  maneuvers  were  rerun  holding  the  indeterminate 
derivatives  fixed  at  values  obtained  from  previous  test  results.  In 
these  cases  the  particular  derivative  held  fixed  will  not  be  shown  on 
t e derivative  plots.  A final  note  is  that  in  many  cases  an  MMLE  data 

STABDIV.data  P?int  wil1  be  shown  at  the  same  anglfof  attack 
with  similar  Derivative  values.  It  should  be  understood  that  these  are 
simply  two  different  analysis  methods  performed  on  the  same  maneuver, 
and  similar  derivative  values  would  be  expected. 

Longitudinal  Derivatives 


Longitudinal  derivative  plots  are  shown  in  figures  A1  throuqh 
A26.  Both  MMLE  and  STABDIV  were  run  in  a two  degree  of  freedom  mode 
to  extract  pitching  moment  and  normal  force  derivatives.  Determination 
of  chord force  derivatives  entailed  more  setup  work  and  were  not  of 
primary  interest  for  this  program;  hence  they  were  not  determined. 
Complete  performance  data  may  be  found  in  reference  13.1* 

Subtonic  Configuration 


Derivatives  for  this  configuration  are  shown  on  figures  A1  through 

°5  fc?C  ®arl2  8urPrises  of  the  test  program  is  shown  on  the  pitch- 
ing moment  plots.  C,^  was  consistently  20%  to  30%  below  Cornell  wind 

tunnel  predictions.  After  this  discrepancy  was  discovered,  a great  deal 
of  effort  was  spent  rechecking  the  longitudinal  eg  and  pitch  inertia  to 
insure  that  an  error  in  one  of  these  parameters  was  not  responsible  for 
tne  cnia  discrepancy.  No  error  could  be  found;  was  definitely  lower 

than  predicted.  This  has  also  confirmed  by  the  longitudinal  trim  curves 
(figures  B1  and  B2).  Figure  23  shows  a Cu^  comparison  between  flight 

data,  the  Cornell  wind  tunnel  values  and  Cma  measured  by  the  AFIT  wind 

tunnel  test  described  in  reference  12.  it  may  be  seen  that  the  AFIT 
data  is  closer  to  the  flight-measured  data.  There  are,  however,  large 
differences  in  Mach  number  and  Reynolds  number  between  the  flight  data 
and  the  AFIT  wind  tunnel  data.  The  AFIT  test  was  conducted  at  a Mach 
number  of  0.17  (flight  data  at  0.4  to  0.6)  and  a total  Reynolds  number 
of  3.3  x 10®  (flight  data  at  50  x 10*). 

The  lower  flap  effectiveness  derivative,  C„,6e  , agreed  well  with 

^nd*^nel  Predictions  both  Mach  numbers.  This  fact  assures  that 
the  difference  in  the  slope  of  the  pitch  trim  curve  is,  indeed,  attribu- 
table to  the  difference  in  C^. 


iVfceference  13s  Richardson,  David  F.,  Flight  Test  and  Wind  Tunnel  Per- 

formance  of  the  X-24B  Research  AlrcraftrTJWC-Tft-76-10 . Xir  W™ 

Flight  Test  Center,  Edwards  AFB , California,  to  be  published. 


Pitch  damping  is  generally  less  than  the  calculated  prediction, 
although  there  is  some  scatter  in  the  values.  Many  of  these  data 

points  come  from  SAS-on  maneuvers  where  is  difficult  to  identify. 

Normal  force  derivatives  were  in  general  agreement  with  predicted 
values,  although  the  normal  force  curve  slope,  Cna,  was  consistently 

slightly  less  than  the  wind  tunnel  value.  The  slight  decrease  in 

was  also  detected  on  the  plots  of  vs  angle  of  attack  (reference  13) . 
CN6er  was  8cattered  around  the  wind  tunnel  line. 

Trontonlc  Configuration 

The  pitch  stability  derivative,  C^,  exhibited  a continued  degradation 

in  the  transonic  configuration  (figures  A5  through  A7).  This  trend  was 
most  apparent  through  Mach  0.8.  Concern  over  this  degradation  led  to  a 
short  wind  tunnel  study  to  try  to  predict  correct  values  of  Cn^  in  the 

wind  tunnel.  The  study  was  run  at  AEDC  (reference  5)  and  used  a model 
which  corrected  some  minor  deficiencies  in  the  original  model.  Figure 
24  shows  a comparison  of  this  data  with  Cornell  data  and  flight  test 
values.  It  may  be  seen  that  the  AEDC  data  is  closer  to  flight  measured 
values  of  Cn^  in  some  areas  but  was  not  in  complete  agreement. 

Values  of  C^  for  Mach  numbers  of  0.9  and  0.95  (figures  A8  and 

A10)  show  reasonable  agreement  with  predictions  except  at  high  angles  of 
attack.  Wind  tunnel  data  in  this  Mach  number  region,  however,  are  sub- 
ject to  interpretation,  and  small  shifts  in  the  measured  value  of  Cm 
could  lead  to  considerably  different  values  of  C^  at  high  angles  of 

attack.  One  data  point  on  the  M«0.9  curve  reflects  the  rapidly  changing 
values  of  Cj^  with  Mach  number.  The  data  point  at  ct*9.0°  was  taken  at 

a Mach  number  of  0*95,  and  it  is  indeed  about  halfway  between  the  M«*0.9 
and  M-0.95  curves. 


Power  off  values  of  C,,^  at  Mach  numbers  of  1.0  to  1.3  are  slightly 

less  than  wind  tunnel  predictions  except  at  high  angles  of  attack. 

These  data  are  shown  in  Figures  A10  through  A13.  Much  of  the  scatter 
evident  in  these  data  may  be  due  to  unsteady  flow  at  these  Mach  numbers. 
In  many  cases  it  was  impossible  to  determine  accurate  values  of  all  pitch 
derivatives  in  the  area.  Power-on  values  of  Cn^  exhibit  a significant 

downward  trend.  This  effect  will  be  discussed  in  the  "Power  Effects" 
section . 

Flight  values  for  at  M-1.4  (figure  A14)  were  close  to  wind  tunnel 

estimates,  but  values  of  at  M*1.5  (figure  A15)  were  up  to  60%  higher 

than  predicted.  The  angle  of  attack  range  at  these  Mach  numbers  was 
severely  limited  by  low  later  a] -directional  stability  and  other  flight 
planning  considerations  (reference  1). 


18 several  Mach  effects  of  these  type  will  be  seen  throughout  the  report. 
They  occur  because  wind  tunnels  are  capable  of  testing  at  stabilized, 
even  increments  of  Mach  number  and  rocket/glide  research  vehicles  are 
not.  Mach  number  for  data  shown  in  this  report  have  been  rounded  to 
the  nearest  available  Mach  number  where  a plot  is  presented. 
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Values  of  Cm  were  slightly  higher  than  predicted  at  all  Maoh 
numbers.  Some  of  the  apparent  scatter  in  ! h 

Mach  effects.  For  exam’L,  at  £ ZLtt  1??™*  * 

were  determined  at  Mach  numbers  of  0.85  to  0 87  ah  !! 

C_5eL  on  th.t  plot  were  mea.ured  at  M.ch  nukeri  of o.fo  ll  Tl?"  °f 

;.“3iSsS^^ 

and  .no,..  ... * . edUctlon  ln  Cma  « ™"y  M.oh  numbers 


, Mr.  ‘‘‘a. 

angles  of  attack  combined  with  the  increase  in  cm 

0 T 

prediction. Chlt“!IiU9teeJotedith.tafewerec‘0'5datrd  ?round  the  Ptefligh, 

then  for  the  other  pitch  derivatives Jt* ! f c “ ‘hOWn 

the  predicted  value  for  some  of  the  SAS  on  m "Q  h*ld  flK'd  *t 

value,  of  C „er.  unattainable.  SriESE"  “"j” -f?5*°n?bl“ 

to  identify  when  it  i.  overshadowed  by  larpe  “l”  , 

Sn  rs^^^sEiSiss:  ti  Mi*\r  «*?  <>»V 

denominator  of  the  dimension.l^atlon  factor  U 

f«  the  other  pitching  _nt  derivative..  All  the  v.^e. 

t^^lTher , r i<Shtdd  t0“*rd  ‘he  calculated  predict  by 

Normal  force  derivatives  pM  m^a  r. 

. 9 Na  *re  shown  in  figures  A16 

W«  the  came  wlS^e^.oMc^nn^rJuon'  “feh?«"er*uy  9°°d-  A. 

«1«»  « ««““niSbS?"fl?,Ur‘,tlon  ”ere  5»  « to.  lower'tha^predictec 

Lataral-OlraetlMil  Oarlvatlm 

Subaontc  C«nfl|UfiMon 

configuration^  ’The"fUght1taluerif*ClV"i.f°r  1*"dln9  3ear  down 
predicted  by  the  AFIT  teat  with  th.  o"!  a C°n,id'raMl'  ‘h0™  ‘he  value 

pt  o?  th<,t  ^ 

orLlTaT  5’“  '*  IU9ht  V*1U<“  (fl9Ur'  Aia.^^^hat1^^0'  °f 

dU*  “ 1*"din9  «*“  is  approximately 

correct.  The  lower  value,  of  c„6  on  both  of  the  AFIT  curve,  are  thought 
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to  be  a Reynolds  number  effect.  The  Reynolds  number  for  the  AFIT  test 
was  3.3  x 10®.  The  Cornell  test  was  run  at  23.2  x 10®  and  the  flight 
data  is  about  50  x 10®.  Data  obtained  at  Mach  numbers  of  0.4  indicate  a 
lower  Cng  at  lower  Reynolds  numbers. 

Sideslip  derivatives  in  the  subsonic  configuration  (figures  A28 
and  A29)  agree  well  with  wind  tunnel  prediction  except  Cnfl  in  the  mid- 
angle of  attack  range.  The  increase  in  the  flight  measured  values  of 
cng  was  possibly  due  to  higher  Reynolds  number  effects.  Figure  25  shows 

Cne  for  several  different  Reynolds  numbers.  Considerable  changes  in 
cng  c«n  be  seen  as  the  Reynolds  number  is  increased.  Much  of  the 
apparent  scatter  in  Ctg  at  high  angles  of  attack  is  due  to  the  Mach 
effects  between  M-0.4  and  M-0.6. 


Aileron,  rudder»  and  damping  derivatives  are  shown  in  figures  A30 
through  A35.  The  following  observations  can  be  made:  Ci$a  was  generally 

higher  than  predicted,  Cnfia  was  generally  lower  than  predicted,  Cnfi 

was  generally  higher  than  predicted.  While  the  differences  between 
wind  tunnel  and  flight  measured  values  of  these  derivatives  was  small 
in  each  case,  the  combined  influence  on  the  aircraft  handling  qualities 
was  noticeable.  This  effect  will  be  discussed  in  Appendix  E.  Other 
differences  between  flight  measured  and  predicted  derivatives  were 
observed;  Cyfir  was  less  than  predicted,  and  Cip  exhibited  a trend  to 

increase  with  increasing  angle  of  attack.  The  increased  scatter  in 
the  damping  derivative  data  is  typical  for  this  type  of  aircraft  using 
SAS-on  doublet  maneuvers  as  inputs.  Gear  down  data  are  shown  with  the 
gear  up  data  since  no  aileron  or  rudder  wind  tunnel  derivatives  were 
obtained  in  the  gear  down  configuration. 

Transonic  Configuration 


Sideslip  derivatives  for  Mach  numbers  of  0.6  and  0.7  in  the 
transonic  configuration  (figures  A36  and  A37)  exhibit  the  same 
trends  as  those  of  the  subsonic  configurations.  Agreement  of  Ctg  and 

Cyg  data  points  with  wind  tunnel  predictions  is  good.  Cnp  shows  the 

same  tendency  to  be  high  at  mid-range  angles  of  attack  at  M-0.6.  At 
M=0.7  an  interesting  phenomenon  was  observed.  Figure  26  shows  a number 
of  cng  values  obtained  from  a series  of  maneuvers  performed  at  7.5  and 

9.5  degrees  angle  of  attack  as  the  Mach  number  was  decreasing.  A step 
change  may  be  seen  as  the  Mach  number  passes  through  0.74  and  0.715 
respectively.  It  had  been  observed  that  the  pressure  data  from  orifices 
on  the  inside  of  the  outboard  fins  were  exhibiting  a large  step  change 
as  the  aircraft  decelerated  through  approximately  0.7  Mach  number. 
Analysis  of  onboard  motion  pictures  of  tufts  placed  on  the  inside  of 
the  fin  confirmed  that  a sudden  change  in  flow  was  taking  place.  In 
addition,  it  was  found  that  this  step  change  was  also  a function  of 
angle  of  attack.  The  Mach  number  and  angle  of  attack  conditions  at 
which  these  pressure  changes  occurred  were  catalogued  and  used  to  define 
the  flow  separation  boundary  shown  in  figure  26.  It  was  then  decided 
to  perform  a set  of  data  maneuvers  through  this  region  to  determine  if 


AVtad»A 
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th*  dir«ction«l  stability  was  being  affected.  A.  the  Cn 
a measurable  step  change  was  detected.  8 °W' 

sonic1and**Ow3sU^rsonicAMachhn'jinber8S^0P8^erMVatiV2?  f°r  th®  tr*n_ 

ween  wind  tunnel  and  flight  mea^red  viluL^Xf  1 1,2)*  Ag reement  bet- 
1.  generally  good  cxceptV  tK  So.Jt  XL!  ^1'°^  ?«i''«ives 

a latently  lower  than  predicted  at  0 95  Mach  K_  Cn8  °°n" 

in  C c„  be  explained  by  Mach  n»b.’ 

ai,Tt  - 

Of  special  interest  are  the  data  at  I*!  hampered  by  this  problem. 

r . jr::”::  l-  u -- 

^"Ir'S^rSul^^ 

stabilising  ^effect  (of8therrocket^engine°in*the  t°  lntr?duc®  016  de“ 

LrCrr  °f  Cl 6 *nd  %*  Pow®r^™£taCwill1bI  discussed 

f.rent  value,  of  SlJror^^SSiS^” ’*•“  Preformed  with  dif- 
lateral-directional  stability.  Thai.  to  th®ir  effects  on 

"Aileron  «,d  Rudder  Bias  Ef&t."  .StlST  * WlU  di,CUM*d  in  the 

<1.3  ^r<°l!7) *idAgrMmfnti^tieJn  flight°SI!lin  fl9?r**  A44  through  A48 
i*  good  for  power-off  c.  'a.  Cv  'a  »nd3inuV*1U?'  *2d  wind  tunnel  curves 

o#  r ^ *6  Y6  ' d low_an9le-of-attack  Cn  ’s.  Values 

°»  cnft  measured  at  the  mid-anal2-«#-.«.«..„i,  ,,  „ nfi  values 

tion  from  prediction.!  a.  Sflach nltil.  f*"?*  (6°'“°>  ®howP.  degrada- 

occur.  at  lower  angled  of  aSlc^wd  S^Li*^'*”**1'  *»“  gradation 

le«*t  two  possible  explanations  for  this  t ■•v®r*«  There  are  at 

SerM““‘  c“e « - «« “oieT^o. 

cloae  to  aero  end  f.'J*?  d*fl<lctio"*  «•  very 

!«  S%”S;K^“«“dCted 

r .““Hu JT “r th*t r“ c‘  - V ”*2: ~y 

and  moderate  angle  of  attack9  it  \uKt  !??ch  number®  above  1.3 

ready  started  to  occur  due  to  tha^iEh th*  flow  ch*"9«  had  al- 
would  not  have  additional  effec?aiMe  * Th!  rock#t  angine  then 

In  either  case  the  value,  of  c!  h!d  air**dy  occurred. 

nf  ..  ^ OE  cne  at  hl9h  Mach  numbers  and  moderate  angles 

of  attack  were  eubstantially  less  than  predicted. 

...  .lien., . kl  nlc  configuration . ct  for  the  treneonic  configuration 

•ll*htlr  hi9h*r  th,n  P«4ieted,  .nd  c„  we.  fro,  01  to  501  lower  then 
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tlon^v'l  V,1Ur  0t  C*5*  ”*re  g"“r*ny  hlgh,r  than  wind  tunnel  predic- 
tions«  Vftlu68  of  Ct  • C«*  j 

number  end  .n,l.  of  wrack!"'  *S*  unveryin,  with  Mech 

in  “ !f,f*0tiT*n*“  d'riV,tiV”*'  C»dr'  cnSr.  and  CI{r  ere  depicted 
in  figure.  A62  through  A74.  Value,  of  c.  -y-  6 

hiaher  than  «■»,„.  . , *6r  are  the  aame  a.,  or  slightly 

higher  than  the.  predicted  by  the  wind  tunnel.  cn.  we.  found  to  be 

SiSSd UeSSfl^MS^SS  nbout  th.  eeme  ..  pre- 

tranaonically.  but  are  up  to  SOI  1...  auperaonioally. 

acat^Ti ;iu^r ihV.*tc.V!c‘ul,.'L9dUr:“.d L5, fhrOUgh  7 > =on.id.r.bl. 

however,  have  been  considerablv^inf iuenm*«i  KMan?  °f  these  data  point., 
in  MMLE , «„d  it  i.  Snd^*  4 £^4  weighting 

the  ^.ct  o“*aer^ZLif°rdth*, lar9*  *TOUnt  <•*  -oatter  i. 

•peed  inor.a.L SUcTvSSStHi' °n  ?"  v,hio1*  “ <*• 
dien.ion.lia.tion  term.’ TJTS  of 

damping  derivative.  become.  negligible  in  the  traS.onic  and  .uper.onio 

Rawer  Effects 

wa.  the  ide^iflc!Ition9of fii^iificanttderiVative"chLiCi*r^VhtiV*K8tudy 

be  reemphasized  that,  due  to  the  inehifrf*  1°n^tud|-nally*  It  should 
match  Sight  rocket  aKhau.t°condition.^precia«lv*  to.  , 

Pr"*"“d  in  thi*  —“•»  *»ould  li  uaed  to  i^«. 

Lonf  Itudlnol  PtrlvrtlYti 


only  1*rl:?tlV"  identified 

•how  reduced  vale,  of  for  poS.r-on  'tumeSv.": . “^^’’dirlvative. 

n^dSiT^iei  sr  ^c?v,r,Lth*t  ^ tr*d«  -««  - ■»>.. 

y D#cw**n  Cwa  and  cmQ*  For  example.  Cm  could  be  made  to 

^9^®*  pow«r-off  dtti  but  vftluit  of  c unn i ,1  u _ , 

uui  vaxue.  or  Cny.  would  be  very  large  neoative 

“ V*1U*'  "t,bli*h*d  b*  «“  “i"d  tunnel  or^reviou.  data 
value..  Th...  run.  yields  the  value,  of  c.  .hown  in  the  figure.. 

the  extraction  program,  wfS  ^iS’^’S.'^w^ifS^  by 


a 
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c is  not  well  supported.  No  other  pitching  moment  or  normal  force 
derivative  showed  consistent  effects  of  reSc.r”"' 

StS'XSmS  Sh°S£.  to  confirm  the  reduced  values  of  in 

this  Mach  region. 

I nf.ml-Dlr»ctionol  D«rivotivB» 


Power  effects  on  lateral-directional  *«£££•* 

ssass  - x-«b  ss=i  Js-^ssasrr-  ct6  c„ 

These  were  present  ' ‘ 

S*^"<“.?fe^ectrS.r.fi.£:n%iiSing  In’*.  destabilizing 

jarsu-s n^^as^itr^x0.:  c„  'was 

hieh>.  The  effect  was  usually  largest  where  cng  was  lowest  tat  lg 

angles  of  attach.  The  worst  ‘egr  ^“^cf  SKT-t 

o‘n;;9Lisirrdf,;ia.“oi2inaSf9e.nd  C„B  hut  allowed  sideslip  excursions 

into  a region  of  non-linear  Sideslip  derivatives.  c^.-”o0013)  were 
data  points  near  12°  angle  of  attack  IC«,6  n?  . „oeQ 

extracted  from  a maneuver  where  aclTshowing  decreased  stabil- 

s;  vszz*  -*» *- 

re.ch.d'six  degrees.  Cornell 

condition  had  predicted  a non-linear  Cnf}  but  only 

greater  than  six  degrees  t on^of  less'than  4 degrees 

— * °j  c-°  t ? 

noticed  when  the  rochet  engine  was  off^  No  other  lateral-directional 
derivative  exhibited  any  effects  of  power. 

Pow*r  EH.cti  F light 


Discussion  of  the  power  effects  wi ^ “^".^“iS  Snnei™ 
Flight  Dynamics  Laboratory  led  to  the  theory  lo^  ^ a higher 
suits)  that  power  effects  might  be  re  this  hypothesis , one 

Reynolds  number  and  dynamic five  ’Mach/angle  of  attack  conditions 
flight  was  planned  to  duP*^ate  f The  ^telt  points,  however,  would 
encountered  on  previous  fligh  • increasinq  dynamic  pressure  and 
be  flown  at  a lower  altitude,  thus  , son9between  the  test  conditions. 

Reynolds  number.  Tabl.  5 sh~»  aco^ariso^b.twee  ^ ^ avallable 
flight  dI«hW?  power-off  and  power-on  values  of  C„6-  It  can  °e=een 
the  higher  dynamic  pressure  and  Reynolds  nu^er  alleviated  the 
power  effects  only  at  0.95  Mach  number. 

Aileron  and  Rodder  Bias  Effects 

wind  tunnel  tests  had  predicted  some  effects  of  both  rudder  and  aileron 
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Table  5 


POWER  EFFECT  FLIGHT  COMPARISON 


Mach 

An<,.'.e  of 
Attack 

Dynamic 

Pressure 

Reynold 

I’s 

Velocity 

Altitude 

Type  of  Flight 

Number 

Degrees 

psf 

Number 

ft/sec 

ft 

Power  Effects 

0.86 

11.5 

145 

46.7 

X 

106 

835 

48600 

Normal 

0.88 

12.0 

86 

29.1 

X 

106 

853 

58800 

Power  Effects 

0.96 

11.8 

141 

39.6 

X 

10® 

930 

54400 

Normal. 

0.93 

12.0 

109 

30  .4 

X 

106 

890 

57000 

Power  Effects 

1.07 

10.0 

154 

40.1 

X 

10  f 

1040 

56300 

Normal 

1.08 

10.7 

80 

21.0 

X 

106 

1050 

68900 

Power  Effects 

i.18 

9.5 

174 

40.3 

X 

10  6 

1155 

58100 

Normal 

1.18 

10.7 

89 

21.3 

X 

106 

1145 

70200 

Power  Effects 

1.33 

6.8 

205 

42.4 

X 

106 

1280 

59000 

Normal 

1.34 

7.5 

10  7 

22.6 

X 

106 

1293 

71300 

II 
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bias  on  CAg  and  Cng  in  addition  to  their  effects  on  pitch  trim.  To 

test  for  this,  several  data  maneuvers  were  performed  with  off-nominal 
values  of  rudder  bias  and  aileron  bias.  nominal 


AlUron  Blot 


- . o Se^eraJ  maneuvers  were  performed  with  the  aileron  bias  at  3°  and 
*7  * “fsult®  °^the8e  tests  may  be  found  on  figures  A8,  A37,  A38, 
*nd.A42r  No  effect  was  discern  able  on  the  longitudinal 
bility  derivative  Cma.  The  wind  tunnel  had  predicted  that  decreased 

aileron  bias  would  produce  higher  values  of  Cng . No  effect,  however, 
could  be  seen  on  either  Cn_  or  Co,.  . 

also^re^pJ1?1  t0.5hf4effect  on  8ide4 * * * 8lip  derivatives,  the  wind  tunnel 
predicted  a pitching  moment  effectiveness  of  the  aileron  bias. 

e the  aileron  bias  moved  too  slowly  to  produce  a dynamic  maneuver 
^?iy,za^e  by  it  ««  possible  to  determine  its  effectives  bj 

calculating  tdie  amount  of  elevator  required  to  retrim  the  vehicle  at 

®a*ne  ***jle  of  attack.  This  has  been  done  for  several  conditions  and 
the  results  are  presented  in  Table  6.  The  results  indicated  that  the 
aileron  bias  was  somewhat  more  effective  in  pitch  than  predicted  and 
generally  more  effective  than  the  lower  flap. 

Rudd*r Blot 


The  rudder  bias  could  be  biased  inward  from  zero  to  obtain  the 
subsonic  configuration  or  outward  to  obtain  a predicted  increase  in 
directional  stability  at  high  Mach  numbers.  Only  one  maneuver  with 
outboard  bias  was  performed  and  the  results  are  shown  in  figure  A44. 

It  is  very  difficult  to  verify  any  increase  in  Cng  from  this  data 

point,  however,  the  predicted  increase  from  +5°  6Rn  at  this  condition 
was  small  (+.00G15). 

4Th?*fUdder  bia£,r  like  the  aileron  bias,  was  also  capable  of  causing 

a significant  pitching  moment  effect.  The  outward  bias  at  M^1.3  had  a 

negligible  effect  on  pitch  trim  but  the  pitch  change  of  the  inward  bias 

ab  s^eeds  was  significant.  Pitching  moment  effectiveness  of  the 

rudder  bias  was  calculated  the  same  way  as  the  aileron  bias,  and  the 
results  are  presented  in  Tabl«  7. 
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Table  6 


AILERON  BIAS  AND  LOWER  FLAP  PITCHING  MOMENT  EFFECTIVENESS 


Mach 

Number 

Angle  of 
Attack 

degrees 

Predicted 

Cm<$AB 
per  degree 

Measured 

<'m6AB 

per  degree 

Measured 

C*V$eL 
per  degree 

0.6 

6°  - 12° 

-.00106 

-.00115 

-.00125 

0.9 

0 
00 

1 

O 

-.00155 

-.00210 

-.00175 

1.25 

O 

VO 

l 

O 

"9* 

-.00130 

-.00140 

-.00110 

Table  7 

RUDDER  BIAS  PITCHING  MOMENT  EFFECTIVENESS 

Bias 


Rudder 

Angle  of 

Measured 

Predicted 

Setting 

Mach 

Attack 

Cm6RB 

Cm6RB 

Degrees 

Number 

degrees 

per  degree 

per  degree 

+5 (outbrd) 

1.4 

50 

0 

-.00008 

-10 (inbrd) 

0.6 

5°  13° 

-.00059 

-.00050 
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CONCLUSIONS 

, T^e  handlinf  qualities  and  the  factors  which  contribute  to  handlina 
2k  1 ^ *?.W?re  deter^ned  for  the  X-24B  to  a Mach  number  of  1 7G  Al-9 
though  flight  test  time  was  limited  and  stabilized  flight  was  difficult 
to  achieve,  a comprehensive  picture  of  the  aircraft 4 SS  S.  * 
istics  was  developed.  This  was  accosted Suisinc t $t>2!£u£;' 

h^LY^SiSlS^eM  of  time 

*^.^«S5bS*SS^ 

envelope  tested.  The  design  resulted  in  two  areas  of  significant  im- 

of  fesp°n®?  to  Sldeslip  excursions  that  had  been  characteristic 

The  ^\SMHe3ctPSrciS^  aircraft^o^be^les^PIO  ^5“ 

This  * alleviate^s trong  de^nSnc^on^8 

ofgtiTj^Craft  tJro1ughout  ^e  flight  envelope.  The  high  effectives'" 
aileron  control  surface  meant  that  relatively  small  values  f nr 
control  surface  authority  and  rate  limits  could  be  Led.  values  for 

T-o^ir^eoha?dlinI-qualities  of  ^ X_24B  were  generally  good  with  the 

t^e  obtainable  Il^icaSST*'' 

the  limited  angle  of  attack  range  flown.  Although  the  pJSnlw  22. 
performed  at  these  conditions  were  transient  data  maneuLrs  the  pilot 
never  reported  any  lateral-directional  control  deficiencies  With 

“ characteriatic^were  gST* 

£sF  S^asffaas;  ssbats  arsspA#^ 

=cun4Lnr  »™£=£2.raSe^ 

b°££^ 

«nue  very  wen.  The  large  pitchdown  associated  with  gear  deployment 
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on  the  X-24A  was  eliminated  on  the  X-24B.  The  pilots  were  favorably 
impressed  with  the  capability  for  control  while  in  ground  effect  just 
prior  to  touchdown.  Cros3wind  contributed  to  some  uncomfortable  landings 
since  the  nose  sliced  and  the  aircraft  rolled  sharply  as  the  nose  fell 
through  after  main  gear  touchdown.  The  aircraft  could  be  steered  with 
ailerons,  rudders,  differential  braking,  or  nose  wheel  steering.  Pilots 
considered  the  ground  directional  control  to  be  excellent.  Deceleration 
from  braking  was  considered  poor  but  adequate  for  the  aircraft  mission. 

Most  of  the  predicted  stability  derivatives  were  reasonably  accurate 
with  the  rocket  engine  off.  The  major  exception  for  the  longitudinal 
case  was  subsonic  values  of  Cn^  which  were  consistei  tly  20%  and  30% 

below  wind  tunnel  predictions.  Three  significant  areas  of  deviation 
from  predicted  directional  stability  were  determined.  At  subsonic 
Mach  number  and  mid-range  angles  of  attack,  Cng  was  25%  above  predicted 

estimates.  At  0.95  Mach  number,  Cn^  was  somewhat  less  than  predicted. 

Above  1.5  Mach  number,  the  values  of  Cn^  were  considerably  below  pre- 
dictions as  the  angle  of  attack  increased  above  6°. 

A flow  change  associated  with  the  rocket  engine  produced  a significant 
change  in  several  major  derivatives.  Zn  the  Mach  range  of  1.1  to  1.3, 
the  values  of  Cj^  showed  a measurable  reduction  with  the  rocket  on. 

Both  Ctg  and  Cn^  showed  reduction  above  Mach  0 .8 . The  incremental  re- 
duction of  Cng  generally  increased  as  the  angle  of  attack  increased. 

Flight  control  system  performance  was  excellent  during  the  test 
program.  Since  much  of  the  system  was  carried  over  from  the  X-24A  vehicle, 
most  of  the  components  were  proven  items.  Design  criteria  for  the  new 
aileron  system  was  established  on  the  AFFTC  five  degree-of-f reedom 
simulator.  The  resulting  design  performed  satisfactorily  during  the 
test  program. 
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APPENDIX  A 

STABILITY  DERIVATIVES 

derivatives)  are  missingUfrom  thlTdat^plots^  (particularly  damping 
shows  no  Cm-  values  even  thm,nh  Plots.  For  example,  figure  A10 

like  these^it  w^no^os^SS  SdbSSl”  ^alyzed’  cases 

missing  derivative  (s)  so  th<=  nan0,„«tain  a reasonable  value  for  the 
determinant  derivative  (s)  fixed  at  pre  fliohf3113^2^  folding  the  in- 
section  entitled  "Data  PloS  ma“oints"  9 ‘ estinates-  See  the 


imwtttttl 


■1111 


tinS 


is: 

Bsamgga 


sssaiaia;sjHHr«l|E!nrslg 

snsBi 


aSant 


mmm 


B 


ills 


wmmm 


BBHB 


Wl 


I1B: 


!«!!i=li)!ll!!i!asi||« 

liiiiiiiiHliiiili 


••  ••• 


::::::::::::::: 

iHrajitigg: 


•ifv- 


WUBI 


ffipfgj 


Wilf 


piliSSili 


BiiiWSB 


:2i::  n: 


fnHHrie 


4&iV 


iiiiu 


ifill 

iiPHim  Hlnuni  him  nil!  himhi 

piiHutebii 

rrri::::::  :::r::i: 

titihsi:  srctinn  main 


:Li; 


nm 


:5:r::  r5H3  Hi 


I.  ... 

:i ::::::::::: 


ii!5:  !s3:K::i 

miMUBinamaancamiiwnta 
::::::::::  nsMttuas’HH! 
iiiH:  HE5!:£i5i  :::::::::: 

•*? 


.....  . . iMHMiUC 


:::::::::: 


\ jjHjjSj:  IfUjigH  iHnHSj  Kfgg  «S| 
’ ::::::::::  H&HB9  :nnrmi  StiiiBEHHti 
laSiBWiituiwnuKiaatuuiiaaanii 


mri::: 


•*••••••  ••SCI 

i:t:: 


*{j;  jj!j» 


IriHsiiSH:  :::*■*•;» 

!2S!::  rnimnnsc 


mm 


mo! 


:::::::::  :i 


HfnllBTlHtl* ' 


::::::::: 


rmsttCl ::::::: 

wmm 


; suss  sc::::::: 
::::: 


;:::sac 


:::::::::::::: 

tttttmttmi 


siniBin: 

Wti&M 


*!sis**ti*  ****'••  •• 

!3HCTHsg§gSlm»»3 


-Hf 


rti:rmi 


in  aos 


iajlHUiiiH35HlSSB 

;::: :::::::::: ::::::::::  :r:r; 
ininttr:*"  B92Bsi5£ 
tn»  liariui  i::;;;;:;; 

» imi  *'ar.vr4<iiiHB 




■••••ft!" 


iiBfBpiS 


In;:::::: 
c:::: :::: 


ntinnitlianttsiir 


•!-.  I 


:2122a  i: 
::::::::: 

itxxnfc 


to: ttmma nns^tn , 
— :mn:5uii::  mu  mair- 


!U>U!n(flQBni!i«a 

>««(•-••  «•*■•••*•  ■••■•hi 
: 




:qi  tiKimz j : }.  •?. t: ar..  agfar 

• .«  lM4r4<  4 «WNMB 

Jn  iizizizx:  mnnrj  ssrisn  mams: 


^nQyfVI 

• z ••*•.••  ••  ••••«••*■•  ••»••*«•••  •><»•••«»! 


iWWUJIliiwBiilwl  iwwwwliiiwhHl 


I 'HljllSHSMliliM  IlSIjlJf  Hill  ••.III*  IS3553SS1  r1 

Lsxstszsr  iHHBfsi  ^mBma 


Irai 


• ^ihmiw iwwmwwmw)  i w<i»H W *wwf  *<  » * « wimi  (— — — — 

a;: . 

4 mu  1:221:2::: ::::::::::  :::::p:::::f:::::::::!rjs:::!: 


>•  •••*••••••  Mtll . 


..........  ........  ...U. •....«  it.JilMit  ..UI.tUI  UUUMI 

14  Malt  • •••■  IlMIHa)  »•«•••  <■■■••<  HI  mom.i  ij.himm  l**t!  •ft?* 

Sir!:  tit;: 

tawiaarrfiibiil  fTTTT1TT!1^P»TOBiqaig5p;igqwag«nm»B«»i»BBgi»« 


pS»SanH«:!nn«n=::::!::: 

zzzzr.iiz^izzziuuiim  :a::::::s: 

SnSjj  HHi  jfgj  {ffijaHi  jgSSsjBjj 



:s8  :nr:ii2i2  :::s:tn:!  i:u:  :::L*  I 

Sjfiti  jnn  miiiigj  inji  EHi 

BfitfifHHIiggKfflH 
. jssi  tSiHEE  iSaatna  JH . 

r ill  a wk:  jji:i:i:i!  ;ti:  I 

si:: I 

!i81iMlsl!i8i2^!i!}ns§IIi§| 

Sw^IssI:  !::3H!^sslSi::::s:sr:::U::: 

' • .....  ..  ...  . . . . ■ .....  .M>.  .........  . ......aitf 

«Biat2!!B2i!2:2S!2!!:!t2Ba!2i2fJ!!t2?i!l*i2J 

sSfssilrfisiiiSisilsifnnBiiiiiin  iiiHHss: 
— sea  pin  a::: 2:222  21222  22222  tast  2222:228! 

Baasasaasnaas: 

5H?5HI  ••  1 .iis  •»K|  riis  : iirs.  silts  I 

riri.  ..«•*  art:  in**  2:2::  :::  :s 1 

cznt!:::i:2i::2::fru 


■■ ; 


:::::: 


\mUz\: : nn £:s:: :::::  •••=•=• 


irs:2:ss:«::::!rs:l 
a anzizin  huiuir  asanas  I 
llZllllllZ 


.222 22222 1222 2 2!22!  I 

L..S2' .! .ill: IZIZI  Hit: 2X2.2  f 


2 SSEHHHH:  si£:::r:ri  ::*:;i£:E:HH:i25:2 1 


ISStt  I!  si;  lltlllltll  Illtllltl!  SUM  IS***  Util:  iwttfwM  iwtiiwh  »*  »>• 

i itirlriiiiifiii  iiiiiijiij  ililiiiiii  iFTHlitTi  ::::|r*sil  i*::i  I::f 

......  ..•*.. 2...  ..... ii.il  .••.)•••>.  IM.IIHM'1'  ‘iil.M 

. IM.I  MM)  «•.!•  .«»•  ...I.  ...M.MU  . . • 


SS.SS  mSSSSSS.  .SIS!  .ISIS  SimiIIm)  I 


Illi: 22212 Itltl  lilt  1 2.222  !22I!  !S!!!  ! 2 221 22221 

••«j  Icillilil  i 

, PHH „„ :::  iti&tiBBmiunumitiiSiinn 

—» — ■ 

.nanaaaH  iiatmi:  Bunas  liana::  ssitiamaiiauii::!:!!:. 


zzi  i ;:n  »i*i.  22;  22  lilt;  22.222:222  2221 


- ■ 

r.:z::n: :::::: ::::: ::::::::::  ::i:: :::::  22:22:2:22  I 

;S5£n*i  PiSiiur:  "*- ■ 

'V'VffTlV" 


ttSi;  •*::  Jttii;  sartitss;  isni  irsu  mtstan :::::  mt:  sanr.a!  uiusxISitluttJSBittt 

uti 

iSpiiititHii  trlii  i5:t  rirSHHii 

.....p  >•<•)  •»(••  ittttJr!*!  !!ii!  lilt! 


: :::::::::: t: 23 : :: 


— — M-MM  WMiWiM  .imififl 


. .................... 

, i •••  t 

itRittttsnm  iihtfflu  sssiirti:  sisiiiss  mBBw8|8IB8l 

•.mi  ntitMHiHHHftii  tijstutfi  itiii  tim  r!intun  ! 


mm  alBSHi  Hi::  “H:  :!:!;  !:i  !i !: 

sstss  sssts  lists  itssisstss.stssst.ssitsts  sit.. . .»•.•...•.•••■  ..■••.#•  _ 

2»«f«  mmimm)  •••*••■■•  1 2d  •••(•..  •U'fmM  U 2222222!  !2222.!2!2  !2!2!.!.!2  2222222  232  222  2!  3K22. 22222  2 2222  21...  ••••l  ••*••  w ••«  h«imih«  ••••• 

?n  i}it|I^  oftiBHI  l^nnrxi  -SH IHH  IskzSsH!  r8ii§§!  Slsfflg  gg^?i8l  1811 18^ 

i asanas  asastss  ssrnmi  csnuscj  uzzmzi: 


ninisi  Hifiriif:  M::: iiiii jg  ji:  j{:! 

...................  .....  ■'•  • 


«»». r-f»*  r 


iimwm 

HH 


_ iniJtBtt  mm 

1 ■•*••»  i ••}«•*«*<  **2tIS2lSSlSStISSS2SSSSlSSSSS!  Sill.  Still  1 1 IIS  I lit!  !t  It;  2221X1222122  It!  2!2?S!2!t222?2IiSti*It?i2?fttfBfBmiiH***  1222 


::t::i:::: ::::::::::  I 

sassan  !«••  !«?*i  I 


THIS  REPORT  HAS  SEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 

UNDER  DOD  DIRECTIVE  5200,20  AND 

NO  RESTRICTION*  ARE  IMPOSED  UFOS 
ITS  USE  AND  DISCLOSURE. 


IUT I 


ON  STATEMENT  A 


APPROVED  FOR  PURL 1C  RELEASE 
DISTRIBUTION  UNLIMITED, 


m»t25 


i:!;::i-r 

man 


mwilh 


i:nuy. 


>«• >.!..:!.!! 

mumamwuim 


mubiii 


IhuM 

nBmsn 


w&temm 


BBBii 


i trirnnc  inimiii Mifn.rn .... .....I m 

rir  r:  rl:  r:  r:i::  :: 


linn :::::::: 


HHMin 


::::::::::::::: 


fiinntmintirti 


::::::::  aa::: 


Sgmomwaaiitgimwactiwltaaafi 
nmotmnucoouwitrammrmmmra: 
-rrHirii:  H:::  :Ut:  :t:*  :r  :1.: 

35  S3S3S553S5  ""V"”  **SSnS?f  SSSStSS**. 
mSmSSmSm**).!'  33  • " « !mU3  «83 l‘» »• 

I • • • ■ ■ ■ ■ > ■ > - ■ ■■■  ■.  #*  _ _ 4 4 4 4 . 4 ■ 4.  .14  ia>4  4 . a - . - 4«J. 

it*  *!••!*•  a •"  >“"'''l><ai*atMt<  •■*!'  * tttrS^fi 

:::  ass  :::5  siS  iSB  Haifa:!  iff::  SS!  :ini  iff! 


sat:: 

Ml  aaaaaa.aaa  IMIfWIlHH 


I MHtlflf.  ' 


,u:j 


Pirn 


•wmmvm 


liiftlliiE 


jppiil 


luiiSE 
ISiihshnu. 

Mlillni 

3H  Hit  si  HSIflilii  iilx!  i 


fllHl: 


tonisi 


iiiiiiimit 


::::::::::::: ::::: 


:::::::::: 


IPMSSmpiiuuB 
18818  amoBisnnn 


IHSHRUUItnuni 


::nt  nr: 


:::::::: 

>•••■•••  • • • ■ ■ ■ . 


:::::::: 


is  SSMiSti 


!§»  tHnnn: sHl.!!'!' 

::::::::: ::::::::: 


:::::::::::::::: 


fwaasiism 


ii&KfcyyiiiiHiiil! 


HBrnmaam 

amattttBBtsa 


Sim 




ir.n  121:22:2:::::: 


iftxittst) 


iilijliyiiii 

pniBBKn:  ttl 


Hii  ilUllMU  HUI 
MHHMtvin  ttm 
>2Sn  IIImm"  * 


:::::::::::::: 


MMtlHMMI 

::::::::::  ::::::::::::: 

{ la! 

........... 

::::::::::: 


■ * 22  22222  mmI.'I 


:::::: 




:::::::::: 


::::::::: 


!**22!!:!! 222122222: 
:::::::::::::::::::: 
HHhnnSittm:: 


l.  . ..M. 


S ■ ‘2122  2*2X1 22222 2212 j 

EH:  22-222:2:: 22X2: 

•:2  *:•*:  : : 21:1:2::!  22:2: 


:::::::::: 

man:::::::::: 

t 

2122222 222222222 22 


Uuiiiio  ■•••< 


12  22222  222222(221 


!r:s:M::3:5sE^!!ao5fi!* 


:aaf  . ..  ; i 


mm 


2:2222222 

:::::: 


::::::: 


i-tjsCTinHiTrgS-rllHi 
:::::: 2 : : ::::::::::::::::::: 

mmmmmimm  •»«»• 

2:2 


iHSO^!a§glsiljsSlj«i"l:jjlil 


liiprffl 

Iftwlfiw  mmhmR 


wmmm 


::::::::: 


mttmtffr*"*1*' ..... ..II. 

mmmam 


Ifflillili  8S*l8«  fsgiiiw 


'sabmas 


lliiilliji 


m*m 


inti  t means  tins smi  i 

! 22122 

'•Mil  »*».«••<  • > tlMlll.Mi 

;Ba;  twwwfw  BHf  win ! 
i am  mnna:  11:2:2:::: 


!« •;  212221  22:2:1 


inn:::; 


mm 


:::::::: 


:::::::: 


::::::: 


2: :::::::::: 
M ......  I 


man 


ibI|i  tucDt 


(fill;!!!!! 


sjassfigtHEa::::::::! 


::fij:srs: iissjiiiij :::a: 

■ •••{•{!«<  j.MJ  I.Ml  II.IOI.M 


•ffRnnmtti 


in! 


::H:aiH:ia:i 


:?*;  i dHiliSiHSi 


iSS T~TT~TTTT UTriTUt «UilB*n imm ■•••■ .......... .......... . . ... 

iiiiiitsiiEi  Er5:::5!i5H:::2|H!  s|55t  :f:t:  tisHrisE:  EiiiHriHiisrtiiir:  rirlri 

InHiliilii 
HHiMM  ifittSsi  ill!: 22 22! 22 2 22 22:12  ***** 

:::i  ImifntltftiSti!  fit-?  hi:::  i: :::: :! :::::::  r:  :::::: 


QraannatinhiitHioBsisi 

21211! 

2 212  2 22  2 22 1 22  2 2 . 222  2 hmi«»w.  2 2 2 2 2! 

.2SH.m11  2.212  22222  222 
222!!!2!12!tl!!2S22! 2!lt2!!2!2  21112! 
..  . ..  ..... 

:iimi:y 22:22:2;:: :::::: 
Kinii:r:^ni:a:i::::s:::!:::;2:: 

..........  .....  .Mt.  . . ..  ......  .«•«*• 

1111221112  2.122 2*222  22212  2221*  J2I22. 


in 


:::::::: 


2*  hni  2::::  :22:22m: 


UuL  am  aa: :::::  .1:.: 


8mm 


i:ii: ::::::: 


BHi 


mi 

— 


IgwiBwaBiSaS 

'aiRHiiHijmdIli 


:s::wi 


PlOBiB 


iiaSSi 


a— ■ 
igiyp 


nun 


lm  !!«!:&:: 


::::: 


iHaHmiBSsiSHHamgSi 

:::::::  :*  ■*»  555£iS*?i8BBII?l?r!*i 


...... 


RiffiSlifiPljS  i 

isamwwmni 

HafSHMiggHSMi 


■HiB 


iititn.i*! 


iHHHHHpiiadmHHBII 

ix:a  I &&  jLn  mi . 

9 

:::::: 


BlSiMMMMI  .....  i 

Zliiiiuuii: :::::: 
121: 


ImUSu:;:;::::::: 

limn:::::::::: 


mmnmsmtsi 


iittHi 


IlMfflSiini 


::: : - ■ 


!iS2;i 

pH 


LHUfiPnd 

HBBMr 


ilss 


iilPfil 


u.TitmUm 


iliiiilllillllllllllllillllll 


tisusxtt; 


HmSi::::: ::::  :i:i! 


j?  liiiUnfHf! 

ft  fTtlll*”* 


HHHiaa 


-??-n  ililiiinisll 


iHHjHHitififfi 




jtiLtttit  it  iii  it!:: 


itcrt  HHititt  K tllifi  : 


iiiiiii: 


liireiSlBHM 

[i  »«♦•»••••■  


iiiiiPSHi!  wlamSBI 

awawwaaM 


inn 


tlitiititiirtlti 

as:^!U:::K 

••Ml  ..........  I 


••?!«?  iiflKii 


iliiliST 


isairn 


■bm 


jjjlljlj;  | jjfi  i ?••!••£*•  Ill  Ji  mSh! 

fliiliil!  5HIirt55r  :s:ss; 

atiltSfilnnluHiisStillsffi 

iImhIii  i ! ! ! ! ! ! ? a ** 1 1 


iMMIlTili  * " . . ..." 
IBBMN***t**  miS ! 

••••••••••  •••».. 


• ■■I”  """in; 


«•  *■■■  ■ 


iHifUli!! 


Jr::::::::::::::::::::;:::: 
r.:z:z:  t rr:t 




Hg: 


ISjititlHIi 


IBtWlF 


'iilsrSi 


:::::::: 


Bag* 


mm 


::::::: 


wMmm 


■mmhh 


iaSiiiffiHSi 


MW 


mumi 


MM 


[menu:::::: 


ymm 


jgmaaaaimffl 


l—ifl— w 


::::::::: 


:::::::::: 



^SSilHiHSHnSni 

illiiiiniiiii 


‘tja:!:::  :i  IHli  ianinS  'isHm: 


iSSsnra9&;::::  ir: :::::: :::::::::: : 

rrTTi  7 _ . i.  . _ - _ . . . 


|jl  IHHlBlfj  lijl 

;**»  Hf 


It!!!!!!: 


IISHHgli 


il  ml 

i>  *!!!!!!!!!!!!! 


BBS 


liiiiglfjjiyOipiMi 

iiliillSilBi 


irgitHHH:;! 


iggliHagis 


^^|BKBwanm:azu;i:JS|:;;KnE 


•al»i •*■••••••• 

!?!.! '.!!!!!!!!! !!!!! !!!«! 

S::H:i:HHH:::H:iHi: 

:::::::::: 

• ••!!  !!•!!!!!!! 1! 
>•••••  •••••• 


mumr. srsirsisr: :i::: 

■Rm  .1111  itill  lZl*l  UUI  

;;;; :::::  nr.:  : 


— riiii  jggjgggsBgm 

MMHHMINtltMlIttlSB! 


IHliM 


IMIlMlWHiHMlH 

i • • • • • • • 

t::::;:::: ::: 


• 

■•(••••MU 

........  .•l.llW<<  ««•! 

Sb:::u  a:::  :r:: :::::::::: 

:::::: 

IRiRiRUiUUSmmm'mmhmm!' 

mrtrtTT  nmnif*  •••••  > 

!**!!!!!♦! 


Hi  (HHHiii  iRiiBBl  txmtmi: 


::::::::: 


!*!!:!!!!:!!::m:t:: 
jssstiaa  sarinii  niiai 

tli:  i-iHimUnSlIP 


i::  !!:*i5::t:  t:: ::: 


8HI 


linli'lilil 


i B»t  ilHl  zhiIhh!  iHniiiH 

I *■••••«■■«  ItlliMni  IIIMMIH 




:::::::::: 


iisiiyuK 


;8pfe«i:!!y!liil!!:ini!iinn!!! 

i nntnr  as:  ixm  u;;;;:;;; 

?rr  ii:!!!*'!*  :::::::::: 


ii.il  ::::::::::::::: :::: 

WmUMMsm 

soi  aaztm: isssaai 


itsnsnsTcitii 


I:::::::::::::::::::::::::::;::::::: 

uSwraoMli 


la:::  :::i  III :::::::  1:1 

••I. i.i. Hi  •«•••* 


:::st!  :::2: 

:::::::::: :::::: 

>i«*W  *.♦••••* •♦•••••••• •«•••■ 

1 !!!!!!!! !!!!!!! !!!!!!!!! !!•►•• 


HSii 




:::::::::: 

.......... 


ililiilli 

iljsliljiiliHiilililjjljiSSjjlin 


• - 

::::::: 


■-rrina^gj 


pjaHiiEHSSHi;. 


mmmm 


mra! 


liPiiii 

liliHI 

lUfflir 


■amani 


ffiSSssaas 


!2sa:::s:ssi 


I::::::::::::-::::::!:!:!::! 

:!:H31aHi  nisttstE  r!HI 
i»  muam  izmnxu  rgaj 


:::::::::::::::::::::::::::::: 

tnntttttnnttttsamm?: 


ismfc 


use 


3S85SiittSH5Hl 


HSBffii 


Ipjiiili 

intnsju'* 

>•  ••••••IB.  •Ml..«| 

sSSHH-ri-in:: 


•flip; 


;saaw«aagaaHi 

nSlSBSii&glj! 


iHaaiMBiMi 

•••»••».».  — — lur, 

.....  it  iissjj 


Hssssai 


:::::: 


MMHB 


:gicn5:iSi 


::::::: :::::  :: 


3s::x: :::::: 


sHx::::::  :::r.\ 


Zinnur::::::! 


inanai! 


:::::::: 


ir3$:Hs!S!rI;!:ln! 


:s:sr2. 


siffliiiiil  i 


[iniii—n-?: 


:::::::::: 

lr:! 


tnwnunini 


iEiiiii: 


iBirania mu 


•»i*i *•••  j; 


anraSn; 


:::::::::: 


•sisiistHi! 


nss 


iSialsnliiL1! 


imvimmi 


106 


IBtiUta 


ilHus:::::::: 


........ 


!»•»•*  IlMuSiZl 

|&i5gr;|xiiimina 

I^WilMitilS  .......... 

i:iH: 

iHHlIttL*::::: 


:::m:itH!«EsninaSE 

............ 


n . 


HaimiiiB 

■—-——I 


>••«•••••.  it. 





iigglS  ii 


iffiilillijgggm 


inanui 


:::::::: 


nff! 


irtnimi: 


IIMUmm! 


;;;;;  |;j| 


tii:  :!Hi: 


liiBll 


MMiian 
tXI»!»l!!l *!<!•! 


nnifiTBiiiiiiiiiiiiiiiii 


mam 


HM 


ejxsi  in;::;::: ::::::::: 
::::::::: 


::: 

••••••  ........... 


in  MwiiMii  iiiHBj 


iiiilniiiiill 


\itmmn 


s:«HHw3s:558:!t:! 


:::::::::::::: 


;::i :::::::::: 


!*!!!! 


iaaiijfc  iWftWtW 

.......... ..... 

iStaaii:;:::::::::  :::: 

i::::Hr5s  ffcaaoi  !Zll2ZtMS 


rsn:;: 


EmmBntsmt 


ililiiliililllilil 


(•••■•■••■■■•■•■•••a  ..........  { 

iiteiiH 


iniiinirmi 


'.'.I  l, 


mHS 


llgiiil! 


.. ........ .. 

inn:::::::::::::!::: 


insBnSeBi 


::xa:r:i 


iHiiiiliiiiiliniiii!! 


itSKRm 


.......... 


ISifiRiSiSlHniiiliJlH: 

KK:n::: ;;;;;  :n::  ::ti: ::::: 

•»••»••* i ....... . i ■••••••<•• a>>aatta<t<l>l*t 

ata  :nn 

IMHM<  WtMHW  WIW  W»M  NMMMIt  InMMlaa 

1 a .4i]  xus*  sannci  statins:  ir.zzizzr.  HHtsaEI 


lillHH 

e9H 


Haw 


:::::::::::::::::::: 


wi  mumumumn  at«2 


iiataaasaassttnsr 


IBs Hiii  Hit:  Hu:  ::b 

:attn::!HX!aiaatj:H5ann:mi  i 


*44* 

..........  M...  .....  .....  • . ... 


t:  sujj  sxxxi  ::::i ixu: ; : :j  ;u  an  tiizi :::::::::: 
::  ::L:: Hi::  !W::  H: :::  :::t  Hi::::::: Hill  i:ui 


iiiiiiiiiniHH! 

B ■—■Muimi 


turn:: 


........... .1.1! . 

SHBiBwB 


:xixs:::::;:u:: :::::::: 

[*mm 

::i;: :::::  ::i4:r: 


ra»  »WMW>*IMMM«>{ 

nsmixiii: :::::::::: 
::::::::::::::: 

rH:  iiiiiiH:: 
:::::::::::::: :::::::::: 
!!!!!! 4! !!!i!!!!!!2!2!4! 

!K:x:fc:::nn:  Bssnainsan 
imnsmai:: 

tars  rm:::s: ::::::::::  :s::i:s:: 

..........  .•••••••*• 


..t.....a.a....».....I.........M. 

:ana:s:::: :::::::::::::::::::: ::::::::::  :::::::::: 
:i:  at:!  mS  haras*  HnanSnEn  zzzz  ran* 

laaas nmtuzi  ::sa  rasas: ; 

::::::::::  ::i:i 




Miga 


::: tin! titiiii 

...  .MMMM.  an*.  .....  ...«.aa. 

B!  fflnnro  mnaic  naan 
II  WfltttttiHcBmamSi 

...  ••••»•••»•  a**.a.*. 

:::  sir:::::; 


. .«...  ...i 


mi:rtt«aiE82 


....  J ..•••••••■  ajjaai 

tuaiasniss  axis:::::  ::::::::::  ::::::::::::::::::::  lull 

:z:i: :::::::: ::  ::::::::r:s5H5S!SSl 

I • • a.  I •»•«*»•  a«  ..........  ........  ..  ..........  ...a.p.i.i  ..*••§•«»•  .M..ai.a*  .»«*.< 

I;;:::::;;;;:;:;:::::::::::;::::::::::::::::  rt::::::;::::;:::as;ssmsss::sa: 
iiltt:  ::::::::::  ::::::::si5S53s  !38! 

i..U.i..a  M.I*  .....  •••.<••».  .......  .-.a  ..Mi..iaa  ..........  .mm.mm  a.a.aUiaa  •...«■ 

:ucit:::::a:: ::::::::::  ::Hi::iiiii:i: 


isH  mi  HISkIII  iflll  ii!  1! ;! 

ii 

iBBtHHHiHSit;  iiiili:::' ” 
iroaagiaSh: 


i 


IBB 


Hi  IIIISiHs! 


I::::::::!: 


iffisi 


*■-*“****»-»-  fltui  II 


gffiww 


mtsath : 


iia 


'inuunidzstliHii 


•tx>i 


sssmi 


Imi 

iixbr::: 

■HwhIH 


mm 


iwlniS 


mmw, 


«lti:Sg|5Biln^E 


iiHnii! 

smisniiffiiigs! 


mmm 


am 


:::::::  ! 
:vi:  : 


nniHnnsSi 


Ss&B 


inmi'taggii  iiiiiipi 

iiifaliiiifiiiii 


fftmt}*: 


r::r::::r: :: 

............ 


itininr:  ?::»!?»:!!! 


HHiSSolSi 


mitnamiiuKi 


!:assst::::mimt5! 


i HMa  ■■■  fi 
:::::::::: 


sUHSHHSiM 


:::::::::  :: 


iBmnt! 


3 :Hi  !;ii:  liiHiiHi 
Is  ::::::::::::: 

;j  ::n. ::::: 

!i  mssalBmiSiHS&S 


I;:::::::::::;:;:;: 


in  ■)<••!!<•!  isiuiani  ■•••ssiintiti  mu  j xssij 

ft?  h! nm iiaiHsiss&srarairai 


UjRjljjSRl 


hi;  HlH  HP!  HUi  UHi  iim  !is  Hi!  «ia  W I 


••IktHIM1 

pinBHiRBW 

Splits!  itHua:s  ; 

I:::::;::;::::::::::::;::::: 


:lli :SI:la8WWIroBM 
::mHnn3ian!::::: ::::::::::::::: 


mm  H 


: sw  isMiiis  wMissSS 


luwwwni 


112 


lilSii???" 


mnttmnm 


illlipsaali 


HLaihffiyj 


liinii 


SSira 


■a 


■mu 


HmS 

ISHIM 


mmmi 


51???*  Ilstilili  jsjilirii: 

PHikisi 

"fewKS!;: 

lliiiiili 



:rr*r-::5i:rnr-*:r:*::r:rr-t:55;xs:::r:::r 


mmmni 


aanaaES!!;;;::;:;:! 

iwfw8aS«$isaS!i3a!»B 

I::;:: 


piiHlIii§S 


iSSiaasKieii-s: 


'•I:;*::::: 


taei£ 


nSliBlil 


iNitiiHisiiiiyijjioiijii 


ISttX!:;; 

ltM»«Ua 


::•::!!! 


MISSBiii 


:::::::::::::::: 
:::::  :H • 

*••••♦»••• SSIX!!! 


r:cdSh:i: 

Hm 

•♦*••••  iXtlSl! 


..-iinzin 


sasss 


rej?;n;;ian:;;:;;;un 

HSt-s;:::::::::::::::; 


IflUt 


f i**i  i 
>•»••  ••••■  i 


iiiilillniiilijii; 


f|  j|f|i|f|i|l  !iil|!|i|l 


:::::::: 





mtttmamm 


KfMmiH-HSi:: 


lliiiilnililll 


hw?!SS 


::::::: 


liBiiHlIliiiiilii 


liVKlHHl 

SKasi  ::st :aa  SmttS  S i 


laiggii 

••••••••I 


liilililiii: 


iHiiiiiiiiiiii: 


ililii 


ggMl 

vmwmmnum 


USUI 


!Ip!pl!iiiiil!!liiJ!ij!!i!ii: 

Hi:  iiiiirHiiiniiiii!;  i-j-Minn; 


m 


wsmm^smm 


iin 


taiwi 


laiiiiii 


iiiiiniiliHq 

iittaSiliiliaiililii 


j ii|H  ifiniffij  iij'ii  iliii  [rs*i£f|||  iSHnlj:  iiijliiiii 






igSIIHKiiLvSiS: 


Samg 


inn 


mm 


Baam;:::::: 


; p E S C R I P t.10^ 

M ^ 3 r.  G‘p*T  rioux 

S"fABlj)V  (|<u^  6c«n 


lilll 


MM 


MMM!1 


iassgl 

nnHw 


izmizi 


mum 


nwnmnpa 


InHmnHSs; 


mmmmt 


HKiiii 

[till"  n-ii ==:•:••;*: 


:::::::::: 

•MM  ftlMf  IMM  ■•••••■ 

■MM  tini«nQuuS(*M!!<!a»i 


>■  

ilal 

;; 


iHrii  H i*:F::BE  s£:H5HH  tHHi 
ri5:c5iSig:: 


zmmuuv. 


:::::::::: 


twtmtiai 


snr::::::  i 


H9 


iiHEHHiiH! 


.^a«;ggfeaw!titi{i!BHHS:  :stnss 


isasi 


»Hsf:;S  H:sis:H: 


>‘nssi*sui 


sjgjgjp 


am 


::  ::::::: ::: ::::::::::  :zzz: :::::  I 


Imiisag 

:::::::::::::: 


:::::::::::: 


sazans 


pliHniii  EHiiiil!!  Mff  Hflg  RIfiH!l 

I : ::: : Hi::  IHSiiiH  !*:!:  i!::::Hi;::::i  I 


:::::i:::::i::i:  iiHilHiilHi  ••'  I 


■bvMiaHi 

”***•**"  **;:  *;***~*vRffj  ■»«■■■»«  " ““  8888 


9BBS 


BltW! 


piMaiS 


SYMBGt. 


4a  Lt.  Tidal 


iA  'CV  i Cl ! 


***' — *' 


lizi: irzzi i 

WwHHHBaBBHM 

IWHWMWw.mWM.w 

I«*M  MIM.IM]  .-i-.  ..... 


mmm 


WWl  tI«JU*SB  * {< 

I ::i 


Qjjj  ilSjjgjj 


tSRsii 


««!!! 


innma 


itHsBii! 


BS 


«:t! 

ijt!  Hi||||!jj  jgjf  jljS  ESnSSg 
jnHijjj  !!•:■  ift:::!::: ii;::::::: 

•»»#»  JJIIMIKl  IIMI  •••••  .... ...... 

HnliililHliijllj!  lililHil; 


l|:|:j?iH|t|i 

K||  liiyamili:!?!;;;  s; 
:j|rf  jin  :i ; h : i nnn  t?  n §i  i iiilUliy  ij 

bihhihm  SstiramBunSBUttE 


rasa] 


I mum 

litmis 


tiiliiliu 


OTB8B8a«p3fiH3H8afgg| 


r n::i:in 


isiintm: 


ItnasSttl 


:2|||5s 


iSBillliliS: 


mmmmm 


HnBBmmin:::! 


tnttttttiB 


:::::::::: 


HHiiiin 


isliiiiil 


igi.1!:::  i HSi  irtil  rtrssisrH  isia:i 

:kj:uh  iHiiiHS  BBfiSS  aSflfsl 

issarlr::  tHti  sjilf  52: 


ir;:;: 


1 1 


::::::::: 


hh::!ztt:nsi2itt:sKt 

sajggggmmi 


;;;;;  


inimi! 


HasSaS 


ifiS  iSHHlf  t itsHrim  !BHrrH  hill 

iiOHilliiilfl  HlinOi  lMW  Hniiij&IP^ 
lyi!  jtiiiH  jrj  isli^jin  Hii!  ii 

iiiiiininiitipii 

nnHnH:rs55:sH5i53HaHlrHBK3i«Hir 

r::r:  :r*2irs*i!  :tlr^  rrss:  mflwrtt  :rrr£s: 

^:::  .-sirs  ::£SHH:  :2iHr!|||  :=ii:si 


...... .r; . .......... .4i. 

.iit.i£.S  .....  ..  * . ■ S£ltl2RQ 


• •••«••{»* i 

i... ..... ..... ...I. .......... , 

J*  J.  JJHJ  »*•*»*•*.«  ■■»><  |M(i 

I rsi 

•»»<  *•••«  ....... ..... .....  •••••.«...  i 

!iis:Ijiit||||j|Hs:J5jssi:n  Jisis 

ifllfftif  ffiiv  ii^Th  v 


..........  ......... 

£•§••!$§  ;:i iHi:  IHi 
!5s5s*s  :nnssl:;HSsf«l?nrt:tri!3iks:f!2: 

;a2224lIS!.t.2222ai2£«::  2222..2Z! 

PmPHvcurn.  ’^AicnuBSai 

.irifeiiyftisjAfaaamBagsmiBm 


:::::::::: 


miiiMin 




SBi^^iiHHBlgiBaBSjiiaeai^ 

ISi&BiSEBSSss  lisa. 

i**iiiii:  I 

im^Maa^BaaBiBaBwgMBiMMMsfcaBagBE^i 

■ ■aMHtimw^e  me. 

] J|«gi  ::- ' - •■ . , I 

iiiiil 

|||i|  |i||i!!|j|| 


psssBaaiasilli 


I ::::::::::  iilHliii!  IHIaSgiaL 

|iliillljiiin§llls:gj  iljiiinsygs 


■btasi 


::::::::::::::::::::: 


;:::::::: 


::::::::::::::::::::::::::::::::: 

ft!  I 


iliiliiiliyliliil!!!! 


::::::::::::::::::::::::::: :::::::::::::::::: : ;: 


Siy!iiliHiliii!iiii;iHiiiilii:ii!iinHniin!!i!iii§i!i!!i!niif=H| 

awMjMMMMWMWWWHHWMMMMMHi..  - •■•••••■ 


i:SsS2S 


:::::::::::::::: 




I::::::::::::;  :::::::::::::::::::::: 

| ::::::::::  :::::n::: :::::::::: :::::::::: «-——--- 


:::::::::::::::::::::::::::::::::: 


HiriUir  g'i?agag?ggs==j?;g5?~j  >g___. 


graft 


26 


NMiMiM 


miiiizi:, 

>mmhhi 


Raiim- 


.•  .1.4......  itlHimi ' 


mm 


H8B9 


:::::::::: 

sffsiiSmr::::::": 


K - WMI 

ffolaBHmmfii 


tr  amiiian:  s: ::  ran- . s n mamsi  CTii.-mnian  unsa  ms 

;«!:«:! ‘isfitjui :•  :;:8S2Saa2«!gHaHlilHi 

I::::::::::;;;;:::;;::::::.  -iinit*-: !it:i 




iiiiilslililliliiii 


ma 




l::  l: 


u-r.jrjj: ::::::: 

isi!  iuiisss!  IliliUlH  rsit-Ei!!  j i||||  jig-  g|||j 


is::;::::::;: 

inmirttsr 


::::::::::  j:;:: 


WBB MMUMW  i 

ij^gigSgSt] 


ditronoiti 


liillpi!:?! 


ir.\ 


imitniresi 


mtrirwt 


ini 


msttnti! 


■ 

nn:pn|:c2!i 


::::::::::: 


1 !«•••  •••••!• !•■ 

K8::aS3!5 


:::::::::: 

in  hu  mhi  iggsili 

MrantBurawKl 


!■?!!!"“  '"HI  !ZT! 

umtmtvjtv.tnv. 


nmnr 





mmimi 


isisum:: 


n8Hm9l 


: Juajjnja&HstSsnssbb ::::::::::  t:a:::::: 

; jpg  ■***1 

jiisSnpagSS 

• • ■ ■ »■••••«  iMiUluIUZ!! IZ22I  ISuZ XZ.  .....  ... 

iiuL:  J;  :s::i  a:::  sLi! 


..... ....! 

.......... ........ . 



... ....... 

■I:::::!:::::::::::! 

tBuBRusimSs:::;::;! 


iaH:HHSa' 


iBRlSIilSSiffil 

mtasm 


r>: .«!! 


aH:::::;::!:::!::::!! 


Human 
■ •••••  .< 

::  nr.  is*s 


::aa;i;ani»:»n$natti 


>■•••••••« 

»■•■■•••••  Ml 
**! 


prandnHas 


WMfHiigyStSi 


ms 


n&RP 


muw 


■HHi 

SliSBli 


iaatttsH: 


SfjjJBS 

nil 


Biiii  BUB— BhB 

» iflnyHf  SlSBBS!S88»;:;»tj!n  ssmameia: 


ESEiStSSHjaBg! 


iB5H 


ItfiH  HHHwi  MSI, 

«Mm 

:nRm»sn:s:&i 


itiJ.ruiii 

iBBUBfl 


inipraiyisHiiiyi 

9Bl|B|i| 
IlllBliP*irai!i«ii 


iggjiSffeaaqtggSE 

Ssfilillliiiliii! 

iliilllw 


imJBSBSI 


>•••••••»••«•«•'  IS!!  !i!S!!S!i 

>nt»iitS:S»iwi«feaa8i»as3 


1S2 


maBBSH 


■— m 


Bn 


niggmi 


mm 


iiliiiilililfjlsl 


inanij 


I:::;::!:?: 


piiai 


S!k:^81 


iitii&lli 


iipgpi 

ePpiiSiiW 


tnimtttSi 


IliWBiWB 


mmmrnmmmtemm 

wmmmmmmrnJMBm 

: r •"••■••I' isssizsi* ■ 


BmSHfii 


agfam 


SiPMH 

maissisffii 

iiiiliiiBi 
p— lapwi 

"flnuisssns: : llliniifSgsSHnif! 


P»mBHBa 


iMV 

L'i  j.ic.  . /iSSlrL 

nBfljMM 


MgHgM 

ISM  SMI  !§S  .BnSg  H3«KS  SHisH.; :!::  juh:  : 


••••;••»»•» %••••••«*! \ 

i;::::::::: 

iH5:l"i:H£gg;l 

i~K::i;:ssjajj! 

HHH 

:::s  ukHs:;  SBStH 

;•"■*•••  » tsissntl 


ngSiuB^I 


iRmilsgSiiirii 

S888p58SS8Hii 


::: :::::: 


I::*::;:  I?::::;™:  »^^:ja:iatK8:m3S| 


:::::::::: 


ISatSnlttB^aiHSaS 


::nhu 


&L.:n ::::::::  * 


OTtrotai 


HWHflHWM* • * • •• 


ISffiWHl! 


::::::::: 


liliiiliiili 


nil. 

immmt 


nlimiiillii 


li !!!!!!!!  111! 


is;::::::::::::::!::::; 

iiiSinmliiliiiiSiz! 


::?s  met:  mumt!  rtmimt  mttnffi  a 


::::::: 
.. j**««*« 

!si«R5« 


::::::::::: 


iiaaniglgiaaMiSl 

liillilBisiiiKi 

■ggiippiwi 

iiiiiOlijnnMnpi 

iMBBHHll 


sn»niigl 


:::::::: 


iiiaiijr 


• ......  .. ..........  ............ 

>r ••••  •»»»•••  II 

iiizmsuy. 

p|f||jpi 


222212221^2:  ?:H: 
::::::::: 
::::::::: 


......... 

tBKiem:::: :::::::::: :::::::::: 
::::: n:::::::: 

i .... . .. .. . 

IIBil8iii8iiia8!IIBa:i;iBB 

ant  naan:: 

iittimthit:::?:::;:::: 


...... ■■■..........••i 


Irtrtll 


iillSl 


RHffiS 


iliiiiilll 


IKttn::::::: 

IraHsHgB 


Hi 


BgHBggt 

Ijjjj  “*”*♦*•• 


(Hfitfli! 


IESS 


Plmsll^nnai 

IHIiSniijl 




■nn  WWf  VfVN 


SiBHfinmnn: 


InnTirr  *!«••  


SUi::! 

!!  VVVKM' 


:i :: :::::: 


IPpiaipi 

rtnjHBBSlctsIsS 

• 

ijnlgt::::::::::; 

igSssiiil::::::: 

I:::::::::::::::::;:: 

I:::::::::::::::::::: 

[amjanittSSm 

■nB 

■ 

I 

!Sn'u!S!  I 


ill 


i&fiiH 


ill 


iiSMi 


nwmBsKiiiiii 


i::: ;:::::  

lftKaggHi:»ii;aiiiHg;LHa?IH»' 





t'lttiiti.fte 


inirju! 


!Bmtn31 


innss 

iSmiuS 


StiUjui 


la 

:::::: 


KBHiuttii 


Rami 


iBSWiittiSiHSi 


:::::::: 


gggmiani 


Hr.: 


fr.tisr*:; 


iBSB'an 


\mmm 


nfHwwtimnBil 

’ js  tfntittc  tttstfsz ! 


mm 


BsiHB! 


irtHsatti 


iiisHpHI 

ISSiSHSamg! 

mpjjB 


pinli 


izxxmi 


Smiwm  < 

mitilHl 

ttcimn 

wm 


aamaHEiiiiSi!! 


iSS8»!! 


is  Sana: 


iSlili 

IMPH  I 
uniiliiii; 


iiiill1 


!^8emta«-^a33rti8aiSgHiSgm8ai 

iSSuBSSlBin^Bm 

iHT:.:.  Vlar i:  "Hiss  . ; iT. 

lfeM^ggig§iM§Big§! 


stsmBi 


iEBaSS! 


MliliV. 


iminfi 


AVAlE  Ft 


•'lASWj/  J>A1 

P«t  On 


.... 


iifisiSnlrati 


msf  Hu 


nm 


!•••(»« It ••«■•••• «•••«»•  I 


::::::: 

mm 

jfer  ’Birr^., 


isnnn»::tai 


■E9B 


ill  futml 


i— n 


!:  ::::::: 

.......... 

::::::::: 

immi! 


iiiil  iir!:  itt:i 


11111811111 


pal- 


IBfflpiiSlIl 

lllllililliis 


I;::;::::;:::::::: 


:::::::::: 


i :::::::::: i::: 


i:sg{asi|s«iHii:r!!:as:i:i 

8HI5llBIliBluun?fe5nH' 


UffiSiS 


mmSm 


IPMi 


illiii 


HU 


mmmm 


:::::::: 


mnm 


■Bln 

iMIHl 


l-irfHiHjsjSt 




iHP 


SHiill?  • ••«”  !:  si 


BHMR 

HNMMli 


iffiHni 


*il!pgiSPipiPlii! 


•I::::::;;:: 

-•""fiUHi 


aiilli— 

::::::: 


iiiaaiiiH 


BMCTWwlHHtHilg 


mmm\ 


iiwai 


tin  iaj 


main 


iiiiiiHi: 




»§»*«••••• «• II! 


an 


pfflIMB 


(Uj 


::::::::: 

■RlHili 


Hi!!  lisa  I 


annum.1 


pa— 


mmm 


:::::::: 


I2I112S: 


IffiHHSgMflS 


laffiSSSBSffi 


is-iHrSHrliii:!:!:::! 


iSlBaiiiii:!::!::::: 


mllftHi  Gilirih: 
:::::::::: 


jnfinffiaa 


jgHffiHsiSHiii 


HrjtliH: 





::::::  rrr : 


:nr:!«ei 


wmffl 


ft; •••••••  m*»»  ••••••*«•* m(2»IZ1 


giiliiiiHRiiiaHflii 


iisS:i:ii  :t::; 


!!!!:::  • 


lifililU!!: 


!!  {asnei  1K!*!S!!  f IMtJtS 


IllStUSi 
II  :::::  :: 


mumt 


imii 


HHiUni 

•mm ..I,,.,..:,. 


himwiw  zzm: 


ini:-:::; 


nliiHiil 


::::: 


inn 


! ittftasa 
: itnizim  wSa 

• to*,.. 

i :nnsrtn  tstft&th 


mmninMiBinnumlii 


:::::::::: 


ISHiigiaBi 


£Bm!ggi 

>U>KRJiRU< 


:j:::  ::Fr: :::r: 


:::::::::: 


iml  ltt*l  UUi  mi 


I'd!  illHtiiji  “S  f1;iinfajS||ffli  ftSHi li! 

Mil  llllllli  111  llllllll Ill 


illglli 

I::::-*::::::::*;::::;; 

iiUHiiliSi 


aSsssi]) 


liiuHilH 


ismi 


lid  ksk  mu  atn  !t«H  mx 


:::::::::::: 


!88!ffinl9aa®L^iilii 

EatfslsnStasnn  izv^tzzitm 


nn  uni 


I::::::;:;;::::: 


npHH 


msssssssm 


Jk*;;;::::: 

:21a::::::: 

IKIummS!! 


:::::: 


iiiiil 


m;:; 


mm 


::::::: 


inns 


I. ••••••* .■«««•«•* 

:Rn::h::aa:a::::a::: 


:::::: 


■ »•••••••.. 

•«•••* .......... 

.••••a.  ...........  ....I....  ......... 

••••••  c jsxsj  j*sn  *««•••••••  <mmmm. 

;«}•••••  5*3!*32!  !3li«!3{  HlSzSl!::  ••••; 


iH!:iEH8RcSsrai 


luiiiKntgs 


HSS 


•< 




miSRn5&nn:iS5 


iiilSSl! 


H 


liiHEtttiiuT 


■Hlhsirrid 


IgSHSH 


:nI2  ntm 


! in:::::;: 




IPPiiliil! 


:::::::::: 


iiPniiHasagr* 


tin  t9ii 


:::::::: 


::::::::: 


pBllfiSHBffii 


SSfiiii 


iirdsi-nKf 


HStlfiam!! 


sissaniaHHai 


uiu. 


tmm 


utnnniiusBs 


lam 


ggtms 


:::::::: 


gh:n»! 


:::::::: 


HHUH 


itts:::::!: 

mmaai 

!!!!!!!*!!: 


Si::::??! 


teiillSlliij 


isnnnsH; 


::::::: 


* 

WWI  llliHHBMMiiil 


ran::.*:: 


::::::: 


na 


iiSlIPBHl 


•y*» 


>m«h<  imliZ.M .« 

;na 

i:28?r: ::::::::::  : 


4x444,^8;  caima; 
iSBS;tttna§i^lSK 


nmmnmm 

’.I!!!!!"!!: 


ttPnocSgSSfii 

nwwwmBfcwiii 


i tmmh?  *tss  •••*; 


iiinsigi 


::::::: 2:22: 


WlniaiiiiM 

i::: :::::::::: 


HHixsisi  HHfcrl 

tRWnm 


mom 


tauSJUXtti ::::::::: 


nnrarTttaaxximtiti 


IBnHI9S3i5HI:SSi  i 


::::::: 


ililiiiflili 


Inn 


mom 


^Smnsgmmj 


lBU»l|B!iamniHIB!tB!ttl!  it 

3aMUB9mg;g8i8g88%ifii 

mBmmSammatztzz  :stzz  itzi 


♦bbbui  .222:2::: 2:2s: 

WIUmtMW*****  . HMMHMWfil 


[■UUUIIUi 


::::::::::::::::::::::: 


iunuun 


:::::: t::: 


mam 


JlRflOHM 

:::::::::::: 


ju::::!!: 

tmxaat 


:::::::::::::::: 


::::::::: 


auium  aausBBmsn:  i«s ::::: ::::: ::::::::::: 
sb:  22:::;:::  I:::::::::::::::::::::::: 
mmn  tin:  :nn  '.v.ziuz:: :::::::::: ::::: 


MBiiBi! 

ilHH 


2 22  2 2 2 2 . ! 2 2 2 2 2! 


ntnstt: 


•mmIMm  ...  (ttUMMk 

SSXSiniSBBnSSSQZ! 


: mssm 2:222:2:::  :v.z: nz: :::::  jSiHs:  t\ 
! J!!t?  t!IJ! !!!!!!!X22  It  IZ  :!t2J 2 Zii . fSStBS  H 


sHB 


nan'jSanstnirasina&Hns!^!!:^^:::::::^ 

»**2t  bc*  •••*•!«*•*  naxtssn  &cs!S2!«  ••••*••<•.  sxsssc 

: 1 nmmnnnssnSsn:]:::: ::::::: 

::::::: 

..........  ....... 


' •nmxfmi&i 

* * * iiMi 


:::::::: ::::::::::::::::::: 

..........  ......... 

.......................  ....]  ..........  ......... 

liHi li!  iiiiiiliii ‘iiiiiilii  22:22:22:2  2j:.:::22 
:::H 


jxiuiLraiux::: 

'min 
:::::: 

'*■  ..........  ........«•  ...................  ( 

s jjgjfg  isiiiiiy 

.xiilssi!  II  f:H.  ;Jp 

.......  i 

222222.222222  2*2»2*2tt2  2:i.2.2:t2 :*2"22**22 ' 

a*.... aaa. . ■ - . 

'.*•  -•>.**•.**  .....  *•  ...  ....  . .....  ■ . , 

■••• ..... . ....  ..........  ..........  . 

Iris  :iri:::5*;aSliS§§S?i|H3§§||§|:  i 

............... 


>..... ••••••...• .......... ..... ..... ..........  ..*•••■ 

:n;::::2i  ::^::2#.::  ::!:::22:::2!2:::in^n!2a::  Bin  r:::; 

::K:::r::t2::u::::::2:2::::t2:::::::r2::::B::::2!:!::r:!2:::2::2::B!2::: ::::::: 
1 2 ... 2 2222222222  22  2 22  2 222  2 2 22.2  2222.22222  2 2222  2222  2 22222  22222  2 ..2. 22222  2.222 ....... 

iI.i.Sm!  ..  222.22222. ! 

i|l»lH.ll.-aHH..aimm.a..lna.m.aa.a..a..n 
>.a. .aa... ........ ...a... a...iaa......... a. ........ 

Itia. .. ........ .....la. .3. »«a.. ........ ...... 

l2:2::2:X222B2:222:2::B:2222  222a22222  2222:22222 

! iiiiliiiii  iiiHiiiii  Oiiiiiiii 

1 2*  *2: 22:2:  :*::: : :!* '****’*■*•*  :;!2i*  2*  *“?***:**": 


n::: 

mmisn 

1 mmwMww 


122:222  2221. 22212  2222222222  221222222' 
: vv::  :2v:nr.Ji5r5i2jaa2|a! 


::::::::: 

:::::::: 


I 


BBBBBBMl 


!< I!!!!!!!!! I 

- •••t ••••♦« l 


::::::: 


gSiliiiiiiil 


'ffiHiaMi 


BtK 


'••••«  mm! IMtJ  l«>MM;2 ] 


th  rixmrvrttsHtsisss! 


{jaw 


:::::::::::::::::::  ::::::: 


::n:r.  !j«r  »utcm  lunam 


i Raima 


mmimatsaiii.Mm:: 


r:::::::::  r; 


mm 


i SKiitis  !Si 

iiM^iramas 


......  ........ ..M.  


'fltuMUaH! 


>•**!♦•*•  •!!!!•!•■■  !!!!S!MMHi 


h amnia  bmiii 

EiHIBiHSrtUliSi 


iigamiftiima 

7!/?“  Vi  T iH?r 


::::::::::::::::::::::::::::::: 

::s::r 

:::::::::: :::::::::: 

. •»••*!!« ........ ... ....... 


....I,--.-- 

santc*:::^ 


ncupnii 


::::::: 


:::::::::: 


\aam 


,1:11:11 :::::::::: 


::::::: 


um 


mSBmwnnt 


Ul(«' 


; !88gio  2S8HB:  iiiKHiH  HiliiiHl  ilHUIH!  HHHiHl 


iHBterfbdti 


::::::::::: 


[IHStCSt: 


mi 


::irimap 


11 


•mUi 

•••••••••  ■»«!*  i 

u:: 


I SjulQU 

pl'inhnSimi!::::;:: 

|: : : :t::: 

ihubhi 


2 m# 


ir4W  .;a  snc  ;uapsn 


«BII! 


anitnanw:) 


intmii 


{ttmugw: 


!?!!!??; 


imispi 


iiarniiSglii 

::::::::::  Fh:i:itt: i 


::  :t  :11 1 r!i 


:;s.;  .i« 


w:: 


... ...... . 

iirmin:; 


:*Qtx?!t«*!aS2in«* . is*  •*•**••  •••••*•••■ 


■:t:  :::::::::: 


•I:::::::::::: 


litiiimii 


nttxntn 


itminai: 


iinHiS 

: a::;::::: :::::::::: :::::::::: 


i BfiHnj  imiimi  ina-ita 

PIIHSII 

! stmts!  shiJKi::  strum:: :::::::::: 

gssx  : in:::::: :::::  ss: 

SSi muinii 

msSS;  I:::;;:::::::::::::: :::::::::: 

:*sH  H:.t  i ••rSHrirt  ::H: ::::: 

I:;;;;:::;;::;::::::;:.-.:::::::::::::!:: 

*■■■■  ••••••••••  •••••••*..  KkUMMI 

waBsllIlKssins!;:  H-:n  m ;;;;; 


ISmUUUIUI 


: ::::: 


I:;;:;::;;::; 

::::::::::::: 


Binnzsm: 

SrasBSi 


:::::::: 


MWW 


:::::::::::::::::::: 


::::::::::::::::: 
« »<*•  *«••• 2;2*2  •] 
iMWj  ..........  •< 

::::::::::::::::: 


in 


*K:  :i: \t- 

£•!*  ♦••••UXll  {••SSSSSm 


■ - - - , ■ ■ - 


Haw 


liini 

•»•••<•«••  tinij  |E 

IjHliSgjgjg 


fflniiaiill 


MBasai 

mS8S:lanlgS: 

BSSffi&Bsi 

taasgSBau::::: 
— ‘aBaas::::;: 
immsi:;;::: 


saiaaili:!!!?:: 


HHtnamtamin 


itagaiiSSBii  tsSfiiSl 
iaiSsih?::;:::: 

:::::::::  :::::::::: 
lafSHIliSlKM 

Biai 

nil 


mm 


mi 


iiliniHlii! 


II 


BgaSB^iSgigggffiia 


liPRii;!:!!;; 


ttSffllli 


PJatitB 


'Bail 


I::*:::::!  IHHrSitihSSiiii  triiii 


laiSPIj 

HhiiBSurtP^ 


|mi 


if  ins!! 


mmm 


J*  XBQtSS  j 

HSHisE 


mmS 

:::::::::: 


mmi 


lnt!»S2jggi 

■SB 


ipipinnwip 


gjijiiHii::::!:!:: 


gtjfgfj 


■BISS 


■ y. 


RESCRIPT R 


'RhlSI 


i m&m 


«9 


lilgSPii 

UnASSMil 


■ * tXS|*E 


fliiiiii 


:::::: 


mm 


iliiiliOHHlIi 


ataaci 


fSBBXBaa 


•••• 


itjjffIS 


»nsi 


lira 


mwwsBi 


iHgS 


inHttissararaiHHss: 

iaKifliilliliji 


::::::: 


!!  Stiililll  jijfjJH! 


iggSiSHIsHHiSiSSHlIii 


DSSCIuHkW 


-iS-TAtpXYjP^ii 


fettAhtt.  « 


tBwfr 


iHiHliliiFHfii 


MMJ 


BBHBl 


IHmH  Rm 

infimw 


.ssstssssutzsss:!! 

t wit  iiMfcl 


ronSail 


: mania  atamuicsns;! 

::::::::: 

--- .......... 


:::::::: 


:::::: :::::::::: 


ill 


:::::::::::::: 


•mSSR8nh««hm 

!IB595SSn58 


!?Hnnrai 


:::::::::::::::::::: 


•MMaiui  hMUimMMMMH  HMI< 


::::::::: 

;u;::n::::snn: 
ran  rmi 

las  R2  siiuM  »!*n 
I:::::::::::::::::: 


laitnrt::  :::::::: 

ipii&a&KiiUigj 


nmani 


&ntaitnR2nx! 


mmmm 


IliHllimiasrms: 


isssfijnrmrt:: 

IUM.Mlt.MI.IM' 

Inman::::::;: 

inina::!::::::: 


MWWMWi 


F:i:~::::::nnan; 


lUUlMMIH*  ••••••• 

it*!!  HHfHH! ! 


:::::::: 


• n n:xs :: 


Sfeliilip  - 

i nlliH  H!  ii:nili§  !hh» 


iatlmnmu: 

!!!*!!»!**  MiMi 


itBEinnnm?::: 


VXSHHHPHnpHi 


SlilliffilffliMilMHlIBf'il! 
ffiBM—1 ■■ 

:::::::::: 


M.HiKH  rmiiini  **••■•••••• 


fnntnnmmar 
::  as  unit; 


mat: 


iUBB 

4M  iHiimimiiiMiiMiiiiiMM1 

:!:!  inuHJ:!  ilillnni  aJHaftt: 


::::::::: 

limit! 


•HSKiniiii; 

•2*U 


l8Sgss>aiffi!g»i 

:::::::::: 

i«a  if  MI..I...I....***. 




BiSiSi: 


>M«l!ISS!liHi«MiS*!<iS' 

i.aa.  .U.....I.  ..........  , 

IMHIMII  lllll  HMMlWl'  i 

•55!  ;!«!!••:!! 


:tss::u::::: 


aantartj 


laaasssnnssa; 


jgfj  It*;; 


lljPiiflnjlHi! 


uiiiimh 

mu  ran 


IHPBipi 

v*!  h3h5?m8] 


mnBBB! 


nann 


Sm 


llKIISi 


r :::::::  ii 


iiSHSiiiuii: 


nnn 


littttSs! 


ittuWH 

■SataniSlitS 


timnra: 


itfrithtJ  ihitJ!*::  r::::  :r:r: :::::::: 


BSHSllSag 

‘Ttrr  *r**f 


i. 


•••MU' 

gWB 


5:12::;:; 


I,  MiltJSIJ! 


ifHHli! 


umtj 


iSi 


magi 


iflggBiisia 

:r:an 

sjjlj?  SORmSiSJ 


mmm 


SoBBs 


ISjiSiji 


:::::::::: 

:::::::::: 


ItlWCTT  HSHHnHS:::  !• 

HBiMBsas 


MHW 

SisjHHniBSiSSSijS 


BttiaiiliiB 


B=aw«B«3i 
iiii:  is: 


ima 


n 


:::ss::iS; 


->f„«..tS 


IN 

htl 





gfglig'li 


■mm 


lilSpliBB: 


iSidns::::::: 

islilg 


ttgSarimi&ssstti 

iHHli 


IpliaHp 


35S!HHri: 


~ isHiSS  BiiilHH : 

liSPiSSillM  | 


BUS! 

:::::: ::::::::: | : : : : : \ 


wmswmeBm 

I— — 


!:IBBRI8  its 


aagilllSfli™ 


« S id-i-:! 


iSIlffifi 


litni'sKii’i" 

BgiiHHgBj 


mmm 

Sra 


::::::::::::::: 

liiili 

-:s: 


iiiinplsillfl 

mmmm 

; ;;; ;;  ***••  ISSSS ! 

:*  it*:  itttfiBSjrjB 


KSEui 


iHSnl 


SiSSMPSHB 

5§llf|g§g|jgiii££»s  i«5ll j= 


stRttBHmuBflHS 


::r: :::::  :r::: ::::: ::::: 


ttmml 


gf  maiwii 


mm 


****lBffll 


Sttfiirnititt! 


iBmigwimginaiai 


!W;w; 


anixsaxl 


dbtfflj 


tnnpuiu 


iliiifl 


:iumn 


igisasi 


gMMngMnPIS 


mfm 


j:i 


sasanffH 


I 


:::::: 


Tj’ii! 


liffliiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 


!!!•*♦  ttd  

j t gro^gBHHgi 

|jM4KW>^iiKjM«UUUit>t^f  ■ iiiiiiii , *>UUUUU  lUUtiiJM 


II 


M IIIIIWI  Utii«  ••*••••'  « immr  I i HlliMlIUHlMUiil 

Miiimiiiiiiiiiiiiiiiiiiiiiiiiiu  niiiwiiiwiiiiiiiiiiiiii 


lummi  I Ill 


Snfri 
n;t 


R:r;: 

Rir  u 

teai 

::::: 


•*  •«  HtiiMHtUiij 


ill::  ill 

§ ssHSsH  ::s:IE:r£i  -^s§29|2SB!SBB 


iSSI ilferfFS  IHsilH::  IE  ’ 

:::::  H:i: iiiiii? 

SRR1SI22 11JJ — 

:shs:x& 

:::?!tr!2!!«ss!jr 


I::::::::::::::::......, 

■••••••**•* ■*•*••••••- 

:::::::::::::::::::: 


SI SsiSsf  H Ss?HsH» SstsSiSinxsssssrss: mSSnlssssssESSSsSsssHsSs sSSSSHsHSHISs !S 


I ::::::::::::::hl:j: :::s:::u: ::::::i::::i::::::::::::::::::::::::::iiii::::  ::::::::::::: 


■ it  Ua^ta.ia  ■ i*i«a i««u  MMt  •••«•  iitUHi M iiUlllili  C 

liSSSnisicaSmBisssmitwm  .. - t:.-:s:2ts::;:::::ssj:5:5jsHssHb:HHrSsrisi 


..nnfnnjSml 


III: 

fm 


| »*«*•»••••  tiitiiiSIt  tSIXitSilijiii  tv  u iltll 2!!U ■•••<••!*■  vimi  ■ 1 1 ti t tt • t tii  ■ i t'ltMiMi  iliiiittti  iiti 

:ri:L  . r 

1 {IHin?}}  ISSRSt 


|gi^:i:giin5nii2nai;:r:SQ:nQiiS53ffiHBi|i§|^ffia 

-1  ••*•♦•••  tiiltlltltll  ItMIMMi  IU 

i uttalt 


snittnt  ::x::::i:r  : 


pHiilii 


?w;swan;auiinBcip| 
srHirik::::::::::  ::::::::::  I 

* tititititii 

!i!MM!!it!i!t>!ti!i  Ii.mImu  I 

S :::::::: :::l 

! ••••••••••  iiHiSSS*!  Mtiittiill 

2 SHsstSHs  si§HSSsHU::::HS:  I 

* r::: 

•••• ■•••■ •••■■  ■ 



*••••*•••  ■•••ti.m  itaat  m»m  ■ 

:: I 

r::t  :::::::::: I 


- *•  

“ — lilUIUIUIUMHIMUMilIHUItr 

!••£••••• *••■•••••• ••£!•••••! !*!!•!' 


'••••• •••«■••••• ■ •••■■■•< 

>•■•••  ■•••••■■■■  • •••••••' 

[•••••■•»•• ••••■•••••  •••••••••■••■••■■•. 

•*•••••••■ aaiiiii 


t::: ::::: ::i:: I 

I 

:::::::::::::::::::::::: 

■ 

i8Hi3B  ^ :::::::::: I 

4ttO<MtStiti‘itiiti| 

* 

::::: :::::::::::::::: 
::::u:v.v.:z:: :::::: 

I:::::::;::::::::::::::::! 

::s:: :::::::::: 
::::::::::::::::::::::: 


i •••••••••••••••••••••••••■■■•••■•••■•••■■■■•• ••••■■ 


!•••••■•••••••• I 


!*••■■••  lltlllH 


niMMHi  MHMMI 
ItMIttlMlttltliatMtattlMtittil  r 


)•■••••■•< 
!•••••••  B| 


>•5*  • 

utMtt  tttiittiit  •••••••••a  a 

>aaaaaa  tttMMtMitttMMHi 
'••aaaa aaaaaaaaaa ■••■iiaaaii 


tittattittttatttttiiiiii 


taaaaaaat  ••■•••■! 

liatir*** 


iltatiaatattliaatiMaMlaMMt 


i«mi  aaaaasaaat 


■ . ■ ■ aaa  a aaaaa aaaaaaiaaa  i 

■ aaaa  

a aaaa aaaaa aaaaa •••••••■••! 

aaaaaaaaaaaaaaa  aiaiiiitiai 


•■•aa •••••••••*•••■■•••••••• 


:uc; 


■••••••■••■•••••••■•••••••■•a  iaattit>atttaaiititaaaitti(Mittataaaiaata|iantat  aaaaaaaaa 

• aatatai  • aataatttaa aatttatt  t . aaaaaaaaa aaaaaaaaa  a .aaaaaaaaaa aaaaai  . a .aaaaaaaaa aaaaaaaaa 

■ •■a aa at  aaaaaaaaaa  aaaaaaaa  -a  aaaaaaaaa aaaaaaaaa  i . »•••■•••••»•■•■• .i a aaaaaaaaa aaaaaaaaa 
•••••■ *t • atttttitta  aaaaaaaa  ••  aaaaaaaaa aaaaaaaaa  »•  *aaaaaaaaaaaaaat -»• *■•*••■•••■*•■•■•• 
a aaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaataaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaiaaiiaa  aaaaaaaaa 
aa*  a a aaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aa*aa  a aai 

■ ■■•  •••••••■•■••••■  •■•■•••■■••••■■<•■■•  •••■■••■••  •••■■••••••••■■■■■•■  aaaiaaaaaa  aiaaaaaaL 

- - ■* ■••••■••••••••■■••ii •••••■••••••••••••• 

aaaaaaaaa*  ntn  aa  < ttatia 

■ - - - — ......  .........  ■■  , . ,,  . ..........  ......  ..tttaaaaaaataaataaaaaa  r-* — — 

•■■••  aaaaaaaaaa  aaaaaaaaa.  » « tttaaaaa.  laaaaaatitttaaaia  .a  a aaaa  aaaaaaaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  a< 

• ••■••aaaaaaaaa  aaaaa  aaaa  a aaaa  aaaaat  aaa  taaaaaa  aaaaaaaaaa  ••■••••••••••■■  •••••  aaaaaaaaaa  Maaaaaaaa  at 

••••a  •••••aaaaaaaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  ••••aaar"'  ““ — ---i  .. 

■aaaa  ■•••••••••  ••••••••■•  aaaaaaaaa*  aaaaa  aaaaa  aaaaaaaaaa  aaaaaaaaaa  t aaaa aaaia ■aaaaar 

■aaaa  aanataaat  ■■•■••••••  •••••■•••••••••■••■••••■••■•■•  ■••■•■■■••  taaaa  • ••••*----““ 


iMajaaiaa  •••••••■■■ 


...•••••■••■•aaaa 
• ••■a ’tt.ear.  tiaaiii 

>•••••••••••■■ 

•••XaaaSaSaait 
■ ■•■tttaialtit 

• aaaa  •••••*••»••  ■ 
■••■•■•••••••■••a ■ 


•■  •••■•-  r,u  p r I R ► rl  rr  r 

titllaatl a taaiaa aaaaaaaaa  t«ai»ataa 
IV a aaaa  aaaaaaaaaa  tatiataatttttttattaa 
kaa •••••■•••• aaaaa  aaaaa •■•••• ••••aaaa a . 

kaaaaaaa aaaaa aaaaa *■■•■•■■■• aaiataittai 


aa  atutti  a •••■•■•  •••■••■■  ■■■■■••••■■■•■■■■■■■••■•••■•••••••■  aaaaa 

■ aaaa  aaaaa  aaa  ■•■••••■••••  •••••aataa  ■ ••••  ataaltat  aa  aaaaa  a a aaa  aaaaa 

------  - --  ..aaaaa  aaaa  aaaa  aa  taaaaaataa  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  •••••••••■••••■ 

*r:::4r::  immii: 


•■■•••aaa aaaaaaaa at . 

■HMHaaiMaaiMiiiiaaaa  i 
■•■••••••■•••■•■•■a ••••*••■•» 

•aaa aaaaa aaaaa aaaaa aaaaa aaaa 
•••••aaaa •••■••■••• •■•■■■••• 

||aaaaaiatttaiaaaaaaia||aaaaa 
laaaa  •*■■••••••  a al 


••••••••■•Itaaaatai 

■•■••••aaa 

.-.a..  wmjr.9  w iPflr*  t*t . I 

niniVnttattttft.i| 


i*  aaaaaaaaaa  aaaaa  a. 
it aaaaaaaaaa aaaaa a i 

.aaaaaaaaaa*  •••■••< 

ia •••••••■•••••••■••§■•< 

asn  U.LiI-iu  *P.  9* 

(•••••a •••••••••• ••••••* 


! SHE  Hi 


ignis 


jpiggag 


■Bi 

ll«Hiyai 


iilHIil 


inn  IB 


MSI 


S9B8! 
:::: 


imamwmBa^sss 


31I2h« 


miwiaMMg 


liiiBlIl 


mamm 


i!8i§8sil 


iliisiiifiill 


!•••■*  ' 


WlMVnnqmi 

illii  IBHiH  r u ?3i  JlHfjBH  it".:  t jiil  ijijHilH1 


ilBSSiiS 


■■ 


:::::: 


innfflagafflWHHHffiiigH! 

ifiJlMMS! 


iiilplili! 

IIIHHMM !«*•••' 

■■HHHSiiBS 


innsSKHHsnntjffiH] 

MMffl! 


B811BB 


amUHiHPPPi' 


tSHrHHHS 


mmm 


mmm 


niMBii!  iraiimi  BttisSS  tBil 

■Piipil 

IHbE 


izmiiiii 


InHiii 


llliliiiiiilliiHi 

HaiMi 


m sii 


iH 


:i2!s:hs 


IBB  i 


ill!!  ill® 


ijjtit  8BI  ttti 


iiBisau 


it!  SttHtSi' 


iiisiil 


i:Ux\:i:r.n:: :::::: 

INHMNIMmimii  ..I 


::::i  g 


laaPK 


::::::::: 


•namjiifi 


i 


i 


::  :::m: 


Iggggj 


\sm  mi 


!!:siHH!2: 


:::::::: 


trrym:rt:::!H5 

wmm 


SigsMissisj 


iffisa-ssSamS 

iilB 


:::::: 

::rs:: :::::::::: 


iniiiin 


••:H-aan^isaiiaatg8i 

*»»••*  • >•••••>•••  mSSSmU 



r^r:  !Hgs:u:;  sHHi 
'ttiisHi!  iBSi 


ili-iSH:! 


!aiifa:::::aa!ii 

......... 


IjHUPitfHHHiiii 


lannnninfitttgaMga! 


■HnilBi8S3Mj 


:s:ixriii 


*«. 


iliinii 


HiWWUHj ■»  t-t — ir*  •••ituiif 

:x::: 

• a .... ......  IMMaltM  •■•(■•till 

♦ 4 HttJ  J*»*j»**«*  • M|I*Im§  ...... 


l •••••  ••••• 


Sing  in 
s.im» 


saBammTOBgggi 

i :m:  tun  SjSiiiS ; 


::::::::::: 

iiaifesiii: 

..a,.  

I :::::::: 

!SI£3H||SH2SHi£i:ii::::c£: 

..•»><i.y.. ........ 


llimHIiilPIMH 





:::::::::::::::: 


.......... ......... . 

RKiiSisHHsHa 


: ::  a^aaBtCTMw 

::::::::::::::: 


siiliaillaaiififlinliii-niiii! 

•«•••••  . 

•Hi:  !Hgigggn:ggg:::::H:::::: 

::z:: 

SanacggiHniaaiiiiiirti:  :::::::::: 




■aratofe 


ag-an-ai 


mutml 


■SfggHHS 


mmm 


nimni 


limtS 


■i 


SiSiffiSliiSSi 


■■n 


: : : : : j : | : j j 


ISIS; 


W8» 


iiHiiiiiSffiSH 


iMUiaC! 


::::::::: 


::::::::::::: 


lltUMtHw***..... 


:::::::: 


EitttsHi 


rartiH98nimn2 


mwmmm 


iiii 


mm 


igainijni; 


UHlIlflj 


untHIHi 


re* 


rSEEHi 


mmnmii 


3888181 


5: 


aiiiSHrii 

BWW 


■wiiimiiii 


1919 


j;!j 


&!!SSima 


BE9B 


IHl 


ipnpisaamgt;i3!Sci 
rsrtts : itsiHi 

ISSHKaSSSaBBgmSii 

iiliiliBHHI 

Aiiiaiiii 


ill 


laggiHeiifi 


mmsssmmssm 


•••••  •• 

tsiSttntii 


min 


mmm 


HWHHi 

itmetti: 


Etri*^!Stst:2xtisttsfStttsifrsn2ss£{tiiiT!iiS 

PiiliSBlSHi 

HiiRnffi 


irtJiiitiSrjmusHHHii: 


■— 


ram 


ir:|  j pgf  !!lf  I iHI-  - iuuihh  Hmaiii  smiHin  IhIIIIIII  Oflji 


aOiltisai 


Msillillall 


§8  Hllip  lli 

IliilHiililiSP 


ilHIililimi!!!!! 

iHlBlil! 


:Smls3|!Slsl8n 

iBBSIXn i 


iiiijaiiaiiHiiiiKiji'ii-iniii 


iLnBUiBSHfSBiara 


• • *•••**?  *?*t*ti*T  * 

ifiigSifeli  jftjiyg  iisjfiggS 


tepptHi! 


issiosnsic 


::::::::::: 


::::::: 


::::::::: 


mmm 

ituaSiiH! 


Ullfifc: 


^mn«MmggHB||B9nang«nnm^pffifl^5E 


::::::::::::: 


lIlBiVHii 

:H|SIS2:i:r:rs:  ssiHHsisgSHSnSs^iSS 


iacacf 


I 

1 

\ 

i 

! 

APPINOIX  B 

1 

LONGITUDINAL  TRIM 

i 

CURVES 

1 

j 

; 

i 

>i 

I 

1 

S 

i 

| 

r\ 

tmmui; 


JSS 

mmmmmmwm 

aFw™*8  m’mvam 

«5  •Sxmi  5Cn®  «c  SaKHK 

MW 

mm 

■tlJ 

- * — 

: i • •:'  • 

: t * 

. ctd 

t I 

qM 

s 

i 

I'QB  h,  ' 

IS 

{♦X  ; 

|zcila 

|jp| 

£9 

SSI 

laSsSEaiS 

m 

aaqw 

truf*\.  CUrV/t -M*  I-tP* 


UAJ, 

HI 

frrp^ 

• , : 

FITT.:-L!'!  '4'T 

t i i i 

1 * 

— * *■* i 

! i 

j } 1 

i -:.t 

’ *.  l 

1_  . -i  - - 

- — ‘ - - : - .4  j:4 

; . | • 

t 

; ‘ 1 . -| 

l _ 

■ i 1 : , i 

i-  ;■ 

nnuif^  A o. 


71 

~ 1 

1 

“H 

TJ 

in 

H! 

•+— -t 

r 

* 

ill 

JS7  9QTI  Til*.  ftTj ' 1 

fW  T*  T^WWW  ETii  i ■ 

BSM  m ft  ISIS  ltd  I 
txtt  m t : run  rsn  | 

— — > n* 

l 

j 

^7 

. J 

j j 

: I 

1 

"T  1 

. — 
• 

- ---j 

□ 

ff 

— — i 



-1 

4 

i ' 

•i 

.... 

1 

. 

j .* 

T‘ 



•1  \ 
11  j -3 

i : 

l.  ..  4 

j 

r 

1 - 

— i_ 

5 ' 1 

4 -4 

| 

( 

: :_h 

l — U-- 

| 

4 « 

~r~  . - 

P" 

_ . iiL 

1. 

1 

i .•  . L ...  _ 

. ... 

L.... 

pr 

t T • 

( : 

f 

j ; 



3 

4-  - • i 

f— 

p 

..... 

1 ri 

— — i 



•• 

- , 

r~ 

, 

~H 

L_j 

1 — 1 

H 

: r 

'•  : 1 

M 

: ! | 1 

1 1- 

rr 

IT 

' 

]7  i ;,i  .. 

■ f-  - • 

{;:•  • 1 

nr7- 

.A..*  | 

4 

j 

JSoufl 

&£_ 

iTa. 

: . .4^:  . 

t i- 

J©:  # 

4rs 

'.if 

t : 

b® 

— — 

o*  1 

i i 

: 1 i 

• »*  • — *-*. 

1 i r i j \i  ! n 

| 1 

- . i — t M 

* i 

XL  1% TS  ill  . ft 

4.  • • 

a 

»•  rr 

; 7°1  !t 

j 

I t . 

f 

j 

r~*T  r~ 

1 — 4 . 

. 1 

| — 

> 

• 

U_J 

( I 

1 1 — 4 •* 

j { • J » 

t~ 1 , 1 N i - 

\-Hr 

{ 

' ‘ 

! * . __ 

- . ■ i - 

i 

CWJi 

pflifiro 

ijifKS  /3A£  • 

FLi^r  rtfTui 

*—  ± — 

fWUijut.  B.  IJ2 

L : i 1 

j : 

WITH  Obi 

• 

— 

L 

[ i 

L— r • "i 

tj-j- 

• -f-  . 4. 

*nM^.e£rto±ALM — JBrg 

i aal  ' 'L-llJ.'' 

, 

■ — 

1 

L— 

tj 

Si 

— 

— .. 

. . 

1 - 

i 

Jteuifiouj 

(jtuhmt. 

c Mag  Ahgatkr- 
B ja*  jaint.  ... 

nwihrw 

_L  ' ! 

l — - - — 

t- 

L_. 

mfi5 

— 

■44  ; 

riM^Lcr 

— 1_ 

MUiMumitMMMT  . 

J --}  , • 1 : . 

i 

Cfr  i &4 

« 

. j 

mmm*  in 

• -1 T ! -4 

• 1 

■ 

« 

| 

4-U- 

1 < i I J 

A 

; ~i 

» ~ . v . 

: 1 • 1 

: 1 

V.  ;...] 

1 

v_i 

bf 'Llli.i  J 

f i 



: — 

i 

..  . | 

1 4 

~~pi 

|‘  - * — — I--I  : .i 

• ~T* 

Vi'~i 

* I 
' — ^ 

♦ 1 

r ~H 

J 

— * 

: 

‘ ’ — r 

* | 

- ! -:-J 

— ‘ i 

— i — i..4  4 

— j—  • • 

I 

i 7t  ‘.I 

- : ! . | ; I i _ 

riuJ-r- 

itr 

• 1 
i 

i 

_ — 7 

— ; S 

-1 

i 

MACH 

—4  H 

t t.u 

— 

— i — — i — h 

l_L-1 — L i 

: i 

-4-  1 7 1 

-i-  — 4-  J 

— 1 t 

» 

4 

" " f, 

i 

w 

1 , 

— i—  -i. 

-»  -j  it-l 

—-  -444  .:  .. 



*V 

* -1 

V 

-uR| 

— i— 4 

-4..:  I 

— -j  ■ | { 

1 f 

i 

\ n 

fUHj 

; | 

| 1 1 

. -j  r j 

• 1.  : 

- * *T 

i 

i 

? n 

kt 

~7  i-  j- 

- ~-i 

J_|v. 

~ — ~ & 

) 

' 

1 

4 i i —j 

/V 

• 

r*r 

— — ^ 

— - r »1 4'  * 1 

1 i ! 

— ; 

— — : u 

47  [ 

— — f- 

;‘r 

:P% 

1 

r 

_j j 

— = — }■■  -s  j : ];-'! 

• 

A i 



i 

: i 

— i 

“•!  i-~ — 4,-4. 

r - ; T-  f 

4-1 

.-=4-4 

f : * 

A- 4 

j 

“V 

— ■ . i 

- a*  . -4^i 

S 1 4 % 

— t 1 

1—-1 — -a* 

4#M 

1— — *- 

i f • * t 

Mj 

_4.. 

J 

kamrn.d  . 

1 j 1 

.11:.“ 

HHURHCaasan  cmiwt-  rrmrw  ■hmiw.B 

■nanni 

Mi 

: ; - 

jJTT 

• ‘T  iv*  ‘ 

t.  l . i* 

:i-4-L  J j:.  i 

T 



4--  i 

J 

j 

±TTT 

mwmt 

ProHHH 

ACanmmBnamaeBx:  ■ 
Ttn  1 

— i-.i-.  - [ iu 

. M ft 

u.:  iL 

h4m 

fln  tliC  :rr:  inc  r«  m i«tt  • 

^rrr^ 

fej 

:i| 

Lift.- 

i - ? < 

| 1 

• t 

■™"  1 

-Q*  • 

: 'j 

r*> r 

a* 

• \ 

P7  i 
i , 

....  ...4 

; 

i — 

— i — 

i .. ., 

i 

il 

- 

•: 

' 

M 

n 

appindix  c 


APPENDIX  C 

WIND  SHEAR  TECHNIQUES 

During  the  powered  boost  phase  of  several  X-24B  missions,  pilots 
commented  on  unconunanded  lateral-directional  disturbances.  Following 
flight  7,  the  pilot  described  these  disturbances  by  saying:  They 

manifest  themselves  as  just  a little  Dutch-Roll  a rather sharp 

input  and  then  it  goes  away".  One  suggested  explanation  for  these  side- 
slip excursions  was  that  the  vehicle  encountered  abrupt  wind  changes 
with  altitude  which  induced  the  sideslip  disturbance.  This  appendix 
summarizes  the  results  of  an  investigation  to  relate  the  sideslip  ex- 
cursions to  wind  changes. 

The  method  used  was  to  compute  sideslip  angle  as  a function  of  time 
using  the  side  force  equation  of  motion  and  to  compare  this  computed 
value  with  the  vane  measured  sideslip  angle.  The  difference  between 
the  two  values  was  defined  as  the  sideslip  disturbance  since  it 
represented  sideslip  excursions  which  were  not  accounted  for  by  the 
equations  of  motion.  This  time  history  of  sideslip  excursions  was  then 
used  to  determine  a theoretical  profile  of  sidewind  component  vs  alti- 
tude by  computing  the  magnitude  of  sidewind  required  to  account  for 
the  observed  disturbance.  This  computation  was  performed  over  very 
short  time  intervals  producing  increments  of  sidewind  which  were  then 
summed  to  compute  the  profile  of  wind  magnitude  starting  fro®  zero 
velocity  at  some  arbitrary  altitude.  The  thinking  behind  this  approach 
can  be  visualized  by  imagining  the  vehicle  entering  a step  change  in 
sidewind.  This  change  initially  manifests  itself  as  a sideslip  un- 
accounted for  by  the  equations  of  motion.  After  the  initial  input 
was  made,  however,  the  vehicle  would  respond  dynamically  in  a lateral- 
directional  mode  as  described  by  the  equations  of  motion  until  event- 
ually it  returned  to  a steady-state,  zero-sideslip  condition  at  which 
time  it  would  be  translating  laterally  relative  to  an  earth  fixed 
reference  frame  at  the  velocity  of  the  sidewind  disturbance.  The 
computation  of  the  sidewind  profiles  was  made  during  the  powered  boost 
and  unpowered  descent  portion  of  the  X-24B  missions,  when  the  vehicle 
was  undergoing  rapid  changes  in  altitude. 

Now  that  the  general  approach  has  been  reviewed,  the  details  of 
the  method  will  be  presented.  The  side force  equation  of  motion  used 
in  the  computation  was  as  follows: 


8 ■ P sin  a-R  cos  a 
+ ^Vt  ro  cos  (P 


+ (1/ cos  8)  2_ 


cos  9 sin  $ - sin  0 sin  8 


8 + Cy 


6a 


6a  + Cy 


6r 


6r 


w 

This  equation  was  numerically  integrated  using  a second  order  Runge- 
Kutta  algorithm  to  obtain  the  computed  sideslip  angle  (8)  as  a function 
of  time.  The  parameters  required  for  this  computation  were  obtained 
from  the  on-board  instrumentation  system.  The  required  stability 
derivatives  were  input  as  fixed  values  although  they  were  Known  to 
vary  with  flight  condition.  A sensitivity  study  was  done  which  in- 
dicated that  wide  variations  in  the  values  of  these  derivatives  had 
little  effect  on  the  computed  wind  profiles.  The  integration  algorithm 
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used  was: 


where 


h " * 

Sn+l  en  + J e (xn»  Sn)  + 8 (Xn+] , 6n)  + h g (xn,  gn) ) 


X =*  (P,  R,  Vt,  cl,  0,  <p , q) 

h = integration  interval  size 


interval SandC"nP+  J “S  integrate 

interval,  the  computed  value^f  side^  ipSe ‘ ) tit**  *aCh  *ntegraticn 
vane  measured  value  (3  ) and  t-h^  ^ f f f Sc  Wa3  comPared  with  the 
velocity  conponejt JfSg  Se  «l.ti"^!pf  * ‘Rewind 

AV  = vt  (sin  6m  - sin  6C) 

The  confuted  value  cf  sideslip  at  the  end  *.h~  i . 

equal  to  the  measured  valne  -«nd  d of  the  interval  was  then  set 

interval.  measured  v,al,JO  -*d  the  process  was  repeated  for  the  next 

axlr’Sy.rof  SwaT^-JxS’SSS' “T6d  ^ the  whiole’>  »<><*- 

alip  disturbance!.  produced  b positiSrSi!£n(  * posit£wi  3i*>- 
vehicle  was  flying  winos-level  on  increment.  Since  the 

of  the  missions  studied,  the  iehicle  y ^ portion» 

in  an  earth-fixed  reference frame  ih<Xh  ifr  * afigned  with  an  axis 

is  oriented  90°  to  the^ircraft^  hea^ni*' a h°riz°ntal  plane  and 
has  die  x and  y-axes  in  a hori7nnf»i  dj-n9*  The  earth-axis  system  used 
vehicle's  heading  the  y-aii s o^iho^l • I*16,  X:axi 8 along  the 

direction  aligned  out  the  vehicle^*!???  £}  t0/lfc  wl*h  lts  P°sitive 
tion  used  in  the  body-axis  system)  The  wing  (opposite  to  the  conven- 
positive  direction  up  The  Z7a?ls  Was  with  the 

and  the  resulting  magnitude  DlSttedd.aifefind<.f°,nPO!ientS  Were  SUInmBd 
in  the  earth-axes  sy^em  The  ?%h  function  ° * Pressure  altitude 

file  with  altitude  ihich'acroSnSd  formal  “Sde.f?^-^  ^dewind  P»- 
during  the  portion  of  the  miaa:  ^ Si£°8lip  dl8turbances" 

one  of  verifying,  by  some  IndeoenHenf  yzed’  The  problem  then  became 
could  be  corLlIrodhir.ctnuraS  c“S?lo«rther  thiS  C°”PU“d  Pr°,lle 

portion  of  flight*?,  ^e^irs ^misaionhn  ?rohle  £or  the  Powered  boost 

'hi  £Si S2FSH  *?•" - 

balloon  was  launched  Jirina^Sh  ®d'  ^ *awin8°nde  weathlr 

flight  operations  in  Sde?  to  StS  1 ° 88  a normal  part  of  X"2<B 
As  can  be  seen,  correlation  bet^ee^th^f?5^  Vpper  atmosphere  data, 
the  Ravinsonde  data  showing  none  of  thf  Sr  wJnd  P5°fiJ-es  is  P°°r  with 
gradient,  eeen  la  thl  SroJeS™! JrSilf “f  •«=•» 

mission,  however,  Sod  iSSaSSJ^iS £1"*  altJ^d®  range  for  this 
as  shown  in  figured  The  vert  profile  wa*  obtained 

was  attributed9^6 pneumatic  SS  in L- Effe^between  the  two  curves 
caused  by  the  rapid  rates  of  elinfc  tatic  Pressure  measurement 

pia  rates  o£  olirob  ***  descent  and  resulting  in  pressure 
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altitude  errors.  This  type  of  analysis  was  repeated  using  data  from 
flight  6 and  again  good  correlation  was  obtained  between  the  computed 
ascent  and  descent  profiles  while  correlation  to  Rawinsonde  wind  data 
was  poor.  These  results  were  taken  as  an  indication  that  the  coirputed 
profiles  could  be  presenting  a better  picture  of  the  upper  atmosphere 
wind  conditions  than  that  obtained  from  the  Rawinsonde  data. 

Other  independent  methods  of  obtaining  wind  profiles  were  explored 
in  an  attempt  to  substantiate  the  computed  wind  profiles.  Beginning 
with  flight  9 a fixed  ground-based  camera  was  used  to  film  the  con- 
trail left  by  the  X-24B  during  the  powered  boost  portion  of  the  mission. 

A crude  wind  profile  was  computed  from  this  film  by  measuring  the  lateral 
movements  of  the  contrail  with  time.  This  analysis  indicated  that  there 
were  sharp  wind  changes  with  altitude  and  a profile  was  obtained  with 
agreed  very  well  with  the  computed  sidewind  disturbance  profiles 
(figure  C3) . Once  again,  the  agreement  with  the  Rawinsonde  data  was  poor. 

On  flight  10,  a wind  profile  was  obtained  using  a Jimsphere  balloon 
tracked  by  FPS-16  radar.  This  is  a more  accurate  and  responsive 
technique  for  measuring  winds  aloft  and  has  a published  capability  of 
determining  the  mean  wind  value  in  an  altitude  increment  of  25-150 
meters  to  within  ±1.5  kts . 18  The  sidewind  profile  computed  from  the 
Jimsphere  wind  data  showed  the  same  type  of  abrupt  wind  changes  with 
altitude  seen  in  the  computed  sideslip  disturbance  profiles.  Compari- 
son between  the  Jimsphere data  and  the  winds  computed  during  the  descent 
portion  of  this  mission  was  good  while  the  Rawinsonde  wind  data  showed 
almost  nor.*  of  the  steep  gradients  and  abrupt  shifts  seen  in  the  other 
data  (figure  C4) . 

Jimsphere  balloon  data  were  obtained  for  flights  11  and  13  and, 
once  again,  comparison  with  the  computed  profiles  for  these  missions 
was  very  good.  This  agreement  was  taken  as  verification  that  the 
steep  gradients  and  abrupt  wind  shifts  indicated  by  the  computed 
wind  profiles  were,  in  fact,  present  in  the  upper  atmosphere.  Based 
on  this,  it  was  concluded  that  the  lateral-directional  disturbances 
noted  during  the  powered  boost  portion  of  several  X-24B  missions  were 
caused  by  abrupt  wind  changes  with  altitude  combined  with  the  rapid 
ascent  rate.  Similar  "disturbances"  were  often  observed  during  the 
powered  climb  portly.  :f  flights  in  the  X-24A,  M2-F3  and  HL-10,  al- 
though  each  vehicle  responded  somewhat  differently  to  the  disturbance.** 

Xt  was  also  noted  that  the  Rawinsonde  wind  data  provides  average  wind 
values  over  relatively  large  altitude  increments  and  does  not,  there- 
fore, reflect  higher  frequency  wind  shifts  such  as  those  seen  in  the 
data  from  the  radar-tracked  Jimsphere  balloon. 


U Reference  14:  Anon. , Reliability  of  Meteorological  Data,  Meteorological 

Working  Group,  Inter-Range  Instrumentation  Group , bocument  110-71,  Secre- 
tariat, Range  Commanders  Council,  White  Sands  Missile  Range,  New  Mexico, 
Naroh  1971. 

**  Reference  15 1 Koey,  Robert  G.,  Flight  Test  Handling  Qualities  of  the 
X-24A  Lifting  Body,  AFFTC-TD-71-11,  Air  Porce  Flight  fleet  den ter,  Kdwaxds 
nr  CXnfornia,  February  19  73. 
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In  addition  to  the  above,  one  further  item  was  noted.  During 
the  course  of  this  program  several  lateral -directional  data  maneuvers 
produced  poor  results  when  extraction  of  stability  derivatives  was 
attempted.  One  possible  cause  for  this  is  the  wind-induced  sideslip 
disturbances  were  encountered  during  the  data  maneuver  resulting  in 
values  for  measured  sideslip  angle  which  could  not  be  made  to  agree 
with  sideslip  computed  from  the  equations  of  motion  with  only  the 
stability  derivatives  as  variables. 

In  summary , this  investigation  was  conducted  in  an  atterrpt  to  deter- 
mine 11  lateral -directional  disturbances  noted  during  the  boost  phase 
of  several  X-24B  missions  could  be  related  to  wind  disturbances.  The 
approach  taken  was  to  compute  the  wind  profile  required  to  account  for 
differences  between  the  measured  sideslip  angle  and  sideslip  computed 
fr'nn  the  equations  of  motion  (the  differences  being,  by  definition, 
uncommanded  sideslip  disturbances).  These  computed  profiles  were 
then  related  to  actual  wind  conditions  by  correlation  with  wind  profiles 
by  observation  of  the  movements  in  the  contrail  left  during  the 
powered  boost  and  by  radar-tracked  Jimsphere  balloons.  In  addition, 
the  computed  profiles  for  the  ascent  and  descent  of  the  same  mission 
generally  agreed  quite  well  with  each  other.  Based  on  this  it  was  con- 
cluded that  the  type  of  upper  atmosphere  wind  behavior  indicated  by 
the  computed  wind  profiles  could  exist  and  that  the  reported  lateral- 
directional  disturbances  were  attributable  to  wind  disturbances. 
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APPENDIX  D 
FLIGHT  CONTROL 


The  X-24B  flight  control  system  w as  basically  an  X-24A  flight 
control  system  with  strake  ailerons  added  for  roll  control  in  lieu  of 
roll  control  on  the  lower  flaps  (elevens).  The  X-24A  flight  control 
system  was  described  in  detail  in  Measured  Characteristics  of  the 
X-24A  Lifting  Body  Flight  Control  System,  20*  and  a detailed  descript ion 
will  therefore  not  be  repeated  in  tnis  report.  Only  a cursory  analysis 
of  the  system,  and  the  data  describing  the  system,  will  be  presented. 

Sytfm  OMCfiptitn 


Schematic  linkage  diagrams  for  the  X-24B  flight  control  system  are 
shown  in  figures  D1  and  D2.  A control  system  block  diagram  is  given  in 
figure  D3.  The  X-24B  flight  control  system  was  fully  pewered  and  ir- 
reversible. Stick  commands  in  pitch  and  roll  were  transmitted  to  a 
hydraulic  power  boost  actuator.  The  boost  actuator  prevented  force 
and  motion  feedback  to  the  pilot's  stick.  Outputs  of  the  boost  actuator 
were  summed  with  stability  augmentation  system  (SAS)  inputs,  mechanically 
mixed,  and  then  transmitted  to  the  hydraulic  servo  valve  driving  each  of 
the  control  surface  actuators.  Rudder  pedal  deflections  were  mechanical- 
ly mixed  with  SAS  and  aileron-to-rudder  interconnect  (KRA)  inputs  and 
mechanically  transmitted  to  the  hydraulic  servo  valve  of  the  rudder 
surface  actuators.  An  artificial  feel  system  gave  a sense  of  control 
force  to  the  pilot  under  all  flight  conditions.  These  control  stick 
and  rudder  pedal  forces  were  produced  by  spring  bungees.  Trim  was  pro- 
vided in  all  three  axis  through  electric  actuators  which  biased  the 
zero  force  position  of  the  stick  and  rudder  pedals. 

Relatively  simple  mechanical  changes  were  made  to  the  X-24A  to 
convert  it  from  a system  which  used  lower  flaps  as  elevens  (pitch  and 
roll  control),  to  the  X-24B  which  used  the  lower  flaps  for  pitch  control 
only  and  added  outboard  strake  ailerons  for  roll  control.  Referring 
to  figure  Dl,  the  scissor  linkage  marked  "A"  was  a pitch/roll  mixer 
which  sent  both  pitch  and  roll  commands  to  the  lower  flaps  through  rods 
which  connected  the  outputs  of  linkage  "A"  to  bellcranks  "C"  and  "D" . 
Pitch  commands  were  transmitted  to  linkage  "A"  through  a rod  which  con- 
nected bellcrank  "B"  to  the  input  of  linkage  "A"  (replacing  preload 
spring  "G") . Rods  connecting  bellcranks  "B"  and  "D" , "C"  and  "D", 
linkage  "A"  and  bellcranks  "E"  and  "F"  (and  of  course,  the  aileron 
system  downstream  of  "E"  and  "F”)  were  not  contained  in  the  X-24B  flight 
control  system. 


20 Reference  16:  Kirsten,  Paul  W. , Measured  Characteristics  of  the  X-24A 
Lifting  Body  Flight  Control  System,  a1;^tC-TD-71-12  , Air  frorce  flight  Test 
Center,  fedwards  AFB , California,  October  1972. 
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The  vehicle's  flight  controls  used  two  hydraulic  systems  with  one 
2,750  psi  and  one  3,000  psi  pump  in  each  system  (a  total  of  four  pumps). 

The  two  systems  were  independent  but  operated  simultaneously  to  supply 
hydraulic  pressure  to  the  hydraulically  dualized  control  surface  actuators, 
the  six  SAS  servo  actuators  (two  in  each  axis) , and  the  pitch/roll  boost 
actuators.  Thus,  for  normal  operation  of  the  aircraft,  each  hydraulic 
system  provided  one-half  the  power  required  to  operate  the  control  sur- 
face actuators.  Also,  the  No.l  hydraulic  system  served  as  the  sole 
power  source  for  the  No.l  SAS  servo  actuators,  while  the  No. 2 hydraulic 
system  provided  the  sole  power  for  the  No. 2 SAS  servo  actuators.  During 
the  X-24A  program,  it  was  found  that  two  high  pressure  hydraulic  pumps 
provided  sufficient  volume  flow  for  most  of  the  flight  of  the  aircraft. 

This  allowed  the  aircraft  to  be  flown  with  two  of  the  pumps  off,  except 
for  the  landing  approach,  and  thereby  reduced  the  hydraulic  pump  battery 
requirement  from  four  to  two.  The  X-24B  was  able  to  utilize  the  same 
procedure.  From  launch  through  most  of  the  flight,  only  the  high  pres- 
sure pumps  were  operating?  just  prior  to  the  landing  pattern,  the  two 
remaining  low  pressure  pumps  were  turned  on  for  the  landing  maneuver 
where  higher  demands  by  the  pilot  and  SAS  system  might  require  the 
additional  hydraulic  capability. 

The  X-24B  was  provided  with  stability  augmentation  about  the  pitch, 
roll,  and  yaw  axis.  The  SAS  was  a simple  rate  feedback  system  used 
to  augment  vehicle  damping.  The  system  for  each  axis  was  triply  redundant, 
thus  providing  fail-operational  capability.  The  fail -operational 
criterion  was  that  a single  failure  in  any  axis  would  not  degrade  the 
performance  and  authority  of  that  axis. 

Seven  SAS  gains  were  available  to  the  pilot  in  each  axis  through 
rotary  switches  in  the  cockpit.  Zero-gain  switches  were  also  provided 
in  the  cockpit  for  the  purpose  of  disengaging  each  axis  of  the  SAS. 

Washout  filters  in  the  pitch  and  yaw  SAS  prevented  constant  angular 
rates,  as  sensed  by  the  rate  gyros,  from  commanding  constant  elevator 
or  rudder  deflections  and  allowed  the  SAS  servos  to  continually  operate 
from  a nominal  centered  position. 

A lateral  acceleration  feedback  (ay  feedback)  was  added  to  the 
SAS  during  the  flight  program  to  increase  the  aircraft's  power-on 
stability  at  transonic  and  supersonic  Mach  numbers  and  to  aid  in  keeping 
the  vehicle  trimmed  directionally  with  the  rocket  engine  on.  The 
ay  accelerometer  was  located  15.5  feet  forward  of  the  reference  center 
of  gravity  to  include  desired  yaw  rotational  acceleration  terms.  It 
was  nearly  axigned  with  the  vertical  eg  to  minimize  undesirable  roll 
acceleration  effects.  The  accelerometer  location  and  gain  (1.0 
deg/ft/sec)  were  determined  through  AFFTC  simulator  studies.  The 
accelerometer  output  was  added  to  the  normal  yaw  SAS  rate-feedback  signal 
which  drove  the  yaw  SAS  servo  actuator.  The  ju,  feedback  was  not  washed 
out.  y 


Stick  shaker  and  sideslip  warning  systems  were  added  to  the  X-24B 
flight  control  system  to  alert  the  pilot  of  areas  of  potentially  poor 
stability  and  control.  The  stick  shaker,  a standard  F-104  unit,  was 
♦•Jiggered  when  the  indicated  angle  of  attack  reached  a value  of  16  de- 
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grees.  This  alerted  the  pilot  that  he  was  approaching  a mild  pitchup 
region.  The  system  vibrated  the  control  stick  at  a low  amplitude  and 
a frequency  of  8 Hz.  The  sideslip  warning  system  was  installed  in  the 
aircraft  prior  to  flight  19.  The  system  produced  an  audio  signal  when 
the  vehicle  s sideslip  angle  reached  a value  of  plus  or  minus  3 5 decrees 
Thls  was  installed  to  warn  the  pilot  of  areas  of  poor  diS^on^l  stlbluty 

M-aoS**  Ufper,alld  x9wer  flaps,  and  upper  and  lower  rudders  could  be 
biased  outward  for  increased  stability  at  transonic  and  supersonic 

flan«SJT?/hWai!;d  f°5  5educed  dra9  at  subsonic  speeds.  The  upper 

DilSt's  ^ni-beTblfae?  by  a l0W  rate  trim  motor  independently  of  the 
d ™ * ii  ? inputs.  The  upper  flap  bias  power  unit  also 

fi?P  b^a®  linkag*r-  The  relationship  between  upper  flap 
bias  and  lower  flap  bias  was  fixed  mechanically  by  the  flap  bias  linkage 

^na^dr^.^  t"  tarm3w?f  tha flaP  Position.  ?n  She  ’ 

manual  mode  the  pirot  was  able  to  bias  the  flaps  to  any  desired  dost t inn 

hLdianS  $£  3 "beeper"  switch  located  on  the  landing  rocket  throttle 
handle.  There  was  an  automatic  flap  mode  which  programmed  the  upper 
flaps  as  a function  of  Mach  repeater  position;  h^weSrThis^Jde  Sm 

?is^r^SHd'dur^9  X"24B  pr°9ram.  (The  Mach  repeater  was  a device 
used  to  drive  the  interconnect  and  the  upper  flap  bias.  It  could  be 

positioned  by  the  pilot  in  the  manual  mode  or  would  drive  from  a Mach 
sensor  in  the  automatic  mode.  The  automatic  mode  was  ne verged.) 

A jjria^^"e  upper  flaP  bias»  in  conjunction  with  variable  lower  flap 
for  £nddGr  blasPS  (for  maintaining  trim) , was  used  as  a speed  brake  ? 

diJ  noHT  mna  purpoaes  in  the  subsonic  region.  (The  aircraft 

did  not  have  independent  surfaces  for  speed  brake  usage). 

the  AbaC"UP  fuf  positioning  the  upper  flap  bias  was  provided  by 

^dir^t  IleJtrioJlb«aS  ITdV  Th!  emergency  mode  system  consisted  of 
thrinohfca  i?  b ^ i s£gnal  from  the  upper  flap  bias  emergency  switch, 

1110  “PPer  flaP  Ma8  P°TOr  unit .^giving  is 

or  on?h^r?1deJ?We^'rUdd^rS1C0^ Uld  be  bia8ed  (simultaneous  inboard 
r^Utb°a5di  dfflectlon  of  all  four  surfaces)  independently  of  the  pilot's 

rudders^onlv  ln?UbS*  *udde*  Pedal  inputs  caused  movement  of  the  upper 
rudders  oniy.  Automatic  and  manual  modes  were  also  available  in  the 
rudder  bias  system.  Mode  selection  was  available  to  Se  £ lot  through 

biased1  ® swlbch*  In  automatic  mode,  the  rudders  werePelectrically 
f funf ion  of  npper  flap  bias  position.  The  rudders  wero 
acc°fdance  Wlth  a schedule,  establish  using  the  AFFTC 
' wJlch  gave  minimum  trim  change  as  the  upper  and  lower  flap 
b e " LC  ^,  “ 0,6  "*"ual  rudder  bias  noS,  the  pilrt  Jas 
bvM^q^f  rudders  to  any  desired  position  within  the  preset  limits 

y means  of  a beeper  switch,  The  automatic  rudder  bias  mode  was  the 
standard  mode  used  during  the  X-24B  flight  test  program 
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The  X-246  was  equipped  with  a mechanical  aileron- to-rudde r inter- 
connect (KRA)  to  reduce  adverse  yaw  tendencies  during  rolling  maneuvers. 

The  interconnect  caused  the  upper  rudders  to  be  deflected  in'response 
to  roll  stick  commands  by  the  pilot.  The  sense  of  the  interconnect  was 
such  that  right  stick  command  (positive  commanded  aileron)  produced 
right  rudder  deflection  (negative  6r)  . Roll  SAS  inputs  were  not 
transmitted  through  the  interconnect.  Automatic  and  manual  modes  of 
the  KRA  gain  were  available  to  the  pilot  through  a toggle  switch. 

In  the  automatic  node,  the  interconnect  gain  was  programmed  as  a function 
of  pilot-selected  Mach  repeater  postion  and  indicated  angle  of  attack 
(a  syncro  signal  from  the  pilot's  angle  of  attack  indicator).  In  the 
manual  mode,  the  pilot  was  able  to  select  any  desired  fixed  interconnect 
gain  through  a "beeper"  switch.  The  automatic  KRA  mode  was  the  standard 
mode  used  during  the  X-24B  program.  This  provided  automatic  gain  schedul- 
ing as  angle  of  attack  changed,  and  the  pilot  could  select  the  desired 
slope  of  interconnect  ratio  per  degree  angle  of  attack  by  adjusting  the 
Mach  repeater  position.  Two  Mach  repeater  settings  were  normally  used 
during  a flight;  a setting  which  gave  a high  slope  of  KRA  versus  angle 
of  attack  for  use  at  transonic  and  supersonic  Mach  numbers,  and  a 
setting  which  gave  a lower  slope  for  use  at  subsonic  Mach  nuubers  during 
the  approach  and  landing. 

An  emergency  KRA  mode  was  contained  in  the  flight  control  system 
for  redundancy.  This  mode  was  available  to  the  pilot  through  the 
three-position  automatic/manual/emergency  switch.  The  automatic  or 
manual  position  of  the  three  position  switch  energized  the  primary 
KRA  motor.  The  emergency  position  connected  the  "beeper"  switch  to 
the  second  motor.  Thus,  the  second  motor  was  used  in  a manual  mode  as 
a fully  redundant  system  when  the  emergency  mode  was  selected. 

Syttan  Ptrftnnancs 

Very  few  failures  or  malfunctions  of  the  flight  control  system 
occurred  during  the  X-24B  flight  test  program.  No  significant  inflioht 
failures  were  experienced.  This  can  be  attributed  to  the  fact  the  X-24B 
used,  for  the  mosc  part,  a system  whose  reliability  had  been  developed 
and  proven  during  the  X-24A  program.  Good  maintenance  procedures 
and  personnel,  preflight  functional  teats  which  ground  checked  system 
operation,  and  flight  operational  checks  through  real-time  monitoring 
and  postflight  data  analyses,  insured  that  the  system  reliability 
developed  during  '..he  X-24A  program  was  maintained  throughout  the  X-24B 
program.  Failures*  or  malfunctions  which  occurred  during  flight,  or 
during  preflight  checks  the  day  of  a flight,  are  listed  and  discussed 
below.  The  first  failure  discussed  (simultaneous  failure  of  three  SAG 
gyros)  is  significant  from  failure  analysis  standpoint. 

I 

1.  The  roll/yaw  SAS  failed  the  Spin  Motor  Rotation  Detection  (SMRD) 
test  during  the  captive  portion  of  the  first  flight.  The  SMRD  test 
was  performed  before  launch  on  every  flight  and  verified  that  the  SAS 
gyros  rotated  properly.  The  SAS  gyros  in  the  roll  and  yaw  axis  were 
sent  to  the  contractor  for  inspection.  Four  of  the  gyros  (two  in 
roll  and  two  in  yaw)  were  found  to  be  inoperative  and  would  have 
caused  total  SAS  failure  in  the  roll  and  yaw  axes  during  flight.  Al- 
though the  problem  was  felt  to  be  caused  by  a combination  of  age  and 
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rough  handling,  no  evidence  of  damage  was  found  by  the  contractor. 
Discoloration  of  grease  in  one  gyro,  and  dryness  and  caking  in  another 
were  the  only  abnormalities  found.  The  gyros  were  the  same  gyros 
used  in  the  X-24A  and  had  not  been  used  for  Lome  time  (approximately 
two  years) . They  had,  however,  been  used  and  performed  well,  during 
the  functional  ground  tests  (such  as  SAS  checks,  limit  cycle  and 
structural  resonance  tests,  etc.)  conducted  on  the  vehicle  in 
preparation  for  first  flight.  They  had  also  functioned  normally  during 
the  planned  captive  flown  prior  to  the  failure  during  the  attempt  at  a 
first  glide  flight.  All  gyros  in  the  SAS  system  v,ere  changed  as  a re- 
sult of  this  failure. 

2.  The  stick  shaker  trigger  point  shifted  from  16  degrees  to  14.5 
degrees  during  flights  2 and  3.  The  stick  shaker  system  was  reworked 
to  correct  for  temperature  sensitivity,  and  the  problem  did  not  reoccur 
on  subsequent  flights. 

3.  An  arrive r light  (indicating  a single  failure  in  the  triplex  system) 
was  obtained  in  the  yaw  SAS  axis  during  the  preflight  ground  control 
system  checks , for  flight  10 . An  investigation  of  the  three  yaw 

SAS  gyros  indicated  different  deunping  characteristics  between  the  three. 

It  was  fe.  t that  the  different  damping  characteristics  could  have 
caused  the  failure  indication.  Therefore  it  was  decided  to  replace 
three  yaw  gyros.  In  addition,  a loading  problem  between  one  of 
the  yaw  SAS  channels  and  the  instrumentation  system  was  discovered, 
which  could  also  have  been  causing  the  failure  indication.  This  problem 
was  corrected.  Changing  the  gyros  and  correcting  the  loading  problem 
eliminated  the  yaw  failure  indication  from  occurring  thereafter* 

4.  The  pitch  SAS  amber  light  cams  on  several  times  during  pitch 

5l75 * * 8f8  P®rfor™e‘i  with  a zero  9ain  setting  in  the  pitch  axis  during 
flight  18.  With  the  zero  gain  switch  thrown,  signals  should  not 
^'®88  through  the  SAS  electronics  and  logic  circuitry,  and  a 
miscomparison  of  one  of  the  three  paths  of  the  triplex  system  (indicated 
by  the  amber  light)  should  not  have  occurred.  The  problem  was  found 
to  be  a failed  zero-gain  relay  in  at  least  one  channel,  so  that  a signal 
was  getting  through  at  least  one  of  the  channels  and  being  compared  with 

another  channel,  causing  a miscomparison  and  an  anber 
light.  All  three  zero-gain  relays  in  the  pitch  axis  were  replaced, 
ana  the  problem  was  eliminated. 

5.  A deadband  in  the  left  hand  aileron  system  was  first  observed 
during  flight  6,  the  first  X-24B  powered  flight,  and  was  later 
observed  during  several  other  powered  flights.  The  aileron  system 
was  thoroughly  checked  between  flights  6 and  10  in  an  attempt 

th®  deadband.  The  rigging  of  the  system  was  tightened, 
bajrhings  were  replaced,  preload  springs  were  lubricated,  and  rods  and 

hirings  were  replaced.  The  deadband  continued  to  occur  during 
powered  flights  in  spite  of  these  efforts.  Since  it  seemed  to  9 

v!h?J?-  Jb®  mias^on  Progressed,  and  disappeared  after  the 

landed'  was  felt  the  problem  was  temperature  dependent.  The 
liquid  oxygen  (LOX)  vent  line  was  just  forward  of  the  left  aileron  actuator 
Pressure  and  return  hydraulic  lines  were  routed  close  to 
*.3ki"'  on  access  door  to  the  actuator  bay,  just  aft 
?f„JhVj/0X  v*nt-  Tt  was  felt  that  when  LOX  vented  overboard,  the  left 

«Zi!?r0n  °°iaPartment  became  significantly  colder  than  the  right  side, 
thus  cold-soaking  some  components  in  the  left  aileron  system  causing 
the  deadband  to  occur.  3 
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In  order  to  confirm  cold-soaking  as  a possible  cause  of  the 
deadband  problem,  a lab  test  was  performed  on  a spare  hydraulic  actuator 
by  routing  one  pair  of  pressure  and  return  lines  through  a liquid  nitro- 
gren  locker  to  demonstrate  the  effect  of  cold  hydraulic  fluid.  As  the 
lines  were  chilled,  a deadband  approaching  the  amount  of  deadband  exper- 
ienced in  flight  was  observed. 

With  this  information,  the  following  modifications  and  alterations 
were  made  to  the  vehicle's  aileron  system: 

1.  The  hydraulic  lines  to  the  left  hand  aileron  actuator 
were  rerouted  away  from  the  access  door  and  wrapped  with 
thermal  insulation. 

2.  The  aileron  actuator  access  door  w as  insulated  with  a 
one  inch  thick  polyurethane  blanket. 

3.  Control  position  transducers  (CPT's)  were  installed  on 
the  right  hand  and  left  hand  aileron  drive  systems  at  three 
locations  to  determine  where  the  deadband  occurred  in  the 
system  if  the  above  two  modifications  did  not  eliminate  the 
problem. 

4.  Temperature  sensors  were  installed  on  the  inside  surface 
of  both  left  and  right  aileron  actuator  access  doors  and  in 
the  compartment  to  measure  air  temperature  surrounding  the 
actuators. 

5.  Items  3 and  4 were  telemetered  to  the  control  room  for 
in-flight  monitoring. 

After  the  above  modifications  were  made,  a captive  flight  was  flown 
for  the  purpose  of  verifying  that  the  aileron  deadband  had  been  eliminated 
or  reduced.  Small,  cyclic  aileron  inputs  were  initiated  by  the  pilot 
at  many  points  during  the  climb  to  the  simulated  launch  point,  and 
during  a simulated  X-24B  flight  (while  still  mated  to  the  B-52)  per- 
formed after  the  simulated  launch  point  was  reached.  During  this  cap- 
tive flight,  it  was  confirmed  that  the  left  side  of  the  vehicle  did 
get  significantly  colder  than  the  right  side  due  to  cold-soaking  from 
the  LOX  vent  flow.  However,  the  relocation  and  insulation  of  the  left 
hand  aileron  hydraulic  lines  and  components  reduced  the  deadband  on 
this  captive  flight  to  a level  which  was  below  what  had  been  experienced 
on  previous  powered  flights.  The  fin^1  solution,  however,  was  the  modifica- 
tion of  the  LOX  top-off  procedure  to  min,  aize  the  amount  of  LOX  that 
overflowed  from  the  LOX  vent  port  forwa\d  of  the  aileron  compartment. 

Fairs!  Tsat  Data 


The  flight  control  system  data  presented  in  this  report  was  ob- 
tained from  a complete,  detailed  ground  test  performed  on  the  aircraft 
before  the  first  flight  (February  19  73)  and  from  checks  on  individual 
functions  which  had  been  changed  after  the  February  1973  test  was  per- 
formed. The  data  presented  in  this  report  represent  the  fairings  of 
the  individual  data  points  obtained  from  the  ground  tests . (Individual 
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line  po®iti°1}8*  ^leron  position  and  stick  force  were  single  slope 
ii"5* 5 f™ctl°?8  °?  stick  Position.  Lateral  stick  gearing  wL 1 6l' 
^2.0  lht  *'  * gradient  was  2.7  lb/in,  and^he  b?eakout ' force 

i # uf*  Hysteresis  in  lateral  stick  versus  surface  deflect-inn  w»a 
immeasurable.  There  was  a small  hysteresis  band  Ifl  Tpo^dl  il 
lateral  force  versus  stick  deflection.  pounds  in 

position^  p*fa^char?ct«fistics,  which  were  valid  for  all  rudder  bias 
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present  An  rudder  force  versus  rudder  pedal  deflection. 

^^^iHl^ctiSn  ^dUl^erff?apbia8 

2K2°5  S4X‘ wS’KgE 

bill  ulill  ;I?ednn?  *??  rat  °£  “st  program.  Rudder 

Full  !?fc  fc  _1^  t0  zero  de9r«es  for  most  of  the  program. 

JjH  8ticJc  <J®5le?tions  produced  approximately  ±20  degrees  of  flap 
■otion  from  ibo  iower  flap  bias  position.  Full  longitudinal  triSo  gave 
±14.1  degrees  of  flap  motion  from  the  bias  position?  9 
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Aileron-to-rudder  interconnect  ratio  (KRA)  was  a function  of 
indicated  angle  of  attack  and  Mach  repeater  position  (figure  D8)  . 
Selection  of  Mach  repeater  position  (by  the  pilot)  gave  a particular 
linear  slope  of  indicated  KRA  versus  indicated  angle  of  attack.  The 
two  Mach  repeater  settings  used  throughout  the  entire  program  were  1.0 
for  transonic  and  supersonic  Mach  numbers  and  0.3  at  subsonic  Mach 
numbers  during  the  approach  and  landing.  Percent  indicated  KRA  versus 
indicated  angle  of  attack  for  these  two  Mach  repeater  positions  are 
shown  in  the  top  half  of  figure  D8.  KRA  was  zero  below  5 degrees 
indicated  angle  of  attack  and  varied’  linearly  above  5 degrees  as  shown 
in  the  figure.  Percent  indicated  KRA  was  the  dial  reading  of  the  KPA 
indicator  ir.  the  cockpit  and  was  related  to  percent,  of  KRA  actuator 
travel.  Thus,  indicated  KRA  settings  were  numerical  values  with 
which  the  pilots  were  familiar  and  were  not  the  ratios  of  rudder  sur- 
face deflection  to  aileron  surface  deflection  (actual  KRA) . The  func- 
tion for  converting  from  indicated  KRA  to  actual  KRA  is  given  at  the 
bottom  cf  figure  D8.  An  KRA,  limit  of  50  percent  indicated  was  used 
throughout  the  program. 


Stability  augmentation  system  (SAS)  gains  and  authorities  for  the 
pitch  roll  and  yaw  axis  are  given  in  figure  D9 . The  seven  gains  in 
each  axis  which  were  available  to  the  pilot  during  flight  were  obtained 
through  seven-position  rotary  switches.  Disengagement  of  the  SAS  in 
each  axis  was  accomplished  bj  three  toggle  switches.  The  normal  SAS 
configurations  during  the  flight  test  program  were  switch  positions 
6 in  pitch,  5 in  roll,  and  3 in  yaw  for  supersonic  and  transonic 
flight,  and  4 in  pitch,  3 in  roll,  and  2 in  yaw  for  subsonic  flight* 


Limit  cycle  ground  tests  were  performed  on  the  X-24B  aircraft  in 
the  pitch,  roll,  and  yaw  axes.  A limit  cycle  oscilLation  is  a sustained 
closed-loop  oscillation  of  a control  surface  at  relatively  low  frequencies 
(usually  1 to  5 Hz).  The  oscillation  is  created  when  the  total  phase  lag 
of  the  loop  is  180  degrees  and  the  total  gain  of  the  loop  is  high.  The 
loop  referred  to  is  composed  of  the  feedback  patn  in  the  flight  control 
system  from  the  SAS  gyro  to  the  control  surface  of  each  axis  (pitch,  roll, 
and  yaw)  , plus  the  aerodynamic  path  from  the  rotational  acceleration  pro- 
duced by  the  control  surface  to  the  rotational  rate  sensed  by  the  SAS 
gyro . Approximately  90  degrees  of  the  phase  lag  required  for  a limit 
cycle  C180  degrees)  is  the  aerodynamic  ?ag  between  the  rotational 
acceleration  produced  by  the  control  surface  deflection  and  the 

onfciii0nal  r®tew of  aircraft  as  sensed  by  the  SAS  gyro.  The  additional 
90  degrees  of  phase  lag  is  created  by  the  control  system  at  some  frequencies 

For  the  X-24B  limit  cycle  ground  test,  a small  analog  computer  was 
used  to  simulate  the  aerodynamic  response  of  the  vehicle  in  each  axis  toi»e 
axis  at  a time)  . The  signal  from  the  control  surface  position  trans- 
ducer  of  the  aircraft  was  the  input  signal  to  the  computer.  The 
output  of  the  computer  was  sent  to  the  SAS  gyro  torquing  motor  in 

;7w!i!Cr?ft  tV7?mSlet<l  loop  r6(JuiretJ  for  limit  cycle  investigations. 
Limit  cycle  amp.,  itodes  and  frequencies  were  then  recorded  as  a function 
of  total  axis  gain.  Total  axis  gain  was  varied  on  the  computer.  A 
more  complete  discussion  of  flight  control  system  instabilities  is 
given  by  Paul  W.  Kirsten,  in  reference  16. 
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through  Dlf^’ttesI^dau'TOM^Ibtiiled1*  x"24B.ate  given  in  figures  DJO 
Wuly  1973).  Ground  Pri°r  to  “>»  first  flight 

for  approximately  six  months  after  the  f irst* f d 3t  mon^:hly  intervals 
was  proven  to  be  trouble-free  from  a limit  light,  or  until  the  system 
cycle  ground  test  results  "tained  lurt™  standP°i"t.  All  limit 

to  the  July  1973  data  presented  in  this  reDortPr°rram  =ere  ^ry  similar 
data  were  obtained  by  recordinn  nw{.  report.  Ground  teat  limit  cycle 

total  axis  gain  setting  (starting  M lSTa^n  f’'5  frequency  at  each 
gain  was  increased  until  the  valL  ^ Values)  ‘ The  total  axis 

oscillation  diverged.  ThSe  data  ab  Which  tile  limit  cycle 

Characteristics  fir  a rate ?e2lback Tsltl*  the  5rOUnd  cjcle 

cycle  gain  margins  can  be  establi^hJYJ«  Control  system  limit 
comparing  known  or  predicted  flloht^f  6a?  axlS  °f  the  chicle  by 
ground  test  data.  lght  Values  of  total  axis  gain  with 

by  theCfol lowing1 criteria?  ^ margins  for  the  X-24B  were  extabiished 

shoul^be 1 less ° than  0?5 duri“g  ^round  tests 

ioop  »*»  «SeL,  ?,“.rs-.irrs^2*i5igistf 

he  less  o^rtlt^T^  fll9ht  should 

limit  cycle  point  measured^,  grojnd  th*  di™rgent 

In  frq“rerD10iSIoIghUD12OalOTgaiiilOPI^Istin.e??h.arfs  ere  shown 
Maximum  total  loop  gains  for  both  the  first  fl  • cycle  results, 

test  program  are  shown  in  the  figures  L?i*5ligh?  and.  tbe  entire  flight 
Pitch,  roll,  and  yaw  for  the  X-24B  were  lar™?  cyc^e  gains  margins  in 
above  were  easily  satisfied.  No  in-flLh?  w ' • ? d the  criteria  shown 
observed  during  the  entire  flight^eft'pregr^1'  tendencies  W6re 

prior  to iSeafiSt°fuSt9(jSy  1973?  P^formed  on  the  X-24B 

oscillation  of  a control  surface  at  a resonant 16801141106  is  an 
It  is  usually  caused  by  control  system  ?!n2  structural  frequency, 
sensing  small  vehicle  structSal  °fS  (8UCh  as  rafce  gyros) 

moving)  and  sending  these  signals  baS^t^fh  (caused  by  the  surface 
structural  resonant  frequencies  4 uJllv  Tn^®  C°^tr?1  surface-  At 

*"  “pUfled  “d  a phaa*  dag 

system  characteristics  anddroItrol%^rface  *ef  fhtf ' “ntl1  fUght  control 
through  flight  test,  if  required  the  m effectiveness  were  established 
somewhat  after  vehiclu  characteristic.  ^ 
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control  system  alone.  If  the  phase  lag  from  the  sensor  to  the  control 
is  180  degrees  and  the  total  system  gain  is  high  enough,  the 
^ 10?  WlU  sustain  itself  and  structural  resonance  will  occur. 
str“ct“ra^  resonance  problem  for  the  worst  case  is  assumed  to  be 

Snfnn  °f  ? hicle  flight  conditions.  Therefore,  ^Tae^dyJamic 

closed-loop  computations  are  required  (it  is  not  necessary  to  use  an 
analog  computer  to  simulate  aerodynamic  transfer  functions) . 


..  structural  resonance  ground  tests  consisted  simply  of  varying 

^ axis  flight  control  system  gain  in  each  feedback  path  tone9 
J l and  dLstVrbing  system  through  the  use  of  sharp 
at  ?4ln  settln9-  Structural  resonance  criterion 

X“24®  was  ****  each  axis  the  control  system  should  be 
hf  ope*abln9  °n  ground  at  twice  the  maximum  total  axis 
gain  to  be  used  in  flight  without  sustaining  structural  mode  vibrations. 


teste  Styiif^al  1:680041106 cwas  found  in  the  roll  axis  during  ground 
tests.  (No  resonance  was  found  in  the  pitch  or  yaw  axis  at  gain  settings 

MdtamDT^eHthCfIn?hlinUin  9ain  t0  be  'med  in  fli9ht)  • The  frequency  ^ 

TJ  nTS  nn°rlwvreTCe  18  ShOWn  in  figure  D13-  resonance 

SJS  ^ T^pe  °f  resonance  which  was  sustained  through  the 

ftthf  S k<?ath*  Ifc  WaS  a purel*  mechanical  resonance  sustained  solely 
within  the  aileron  surface  actuator  and  its  associated  linkage.  (The  Y 

was°eliminatedihUe^HH^en  ***  S?S  turned  off>  • The  resonwce  problem 
was  eliminated  by  adding  a mechanical  damper  within  each  aileron  actuator 

5?KLd*?«“?d  sensitivity  of  actuator  to  high  ?reqSici« 
ut  did  not  Significantly  alter  the  response  characteristics  at  the  lower 
frequencies  or  reduce  the  maximum  slew  rate  of  the  actuator. 


After  the  mechanical  resonance  in  the  roll  actuator  was  eliminated. 
res°"iHlce  ground  tests  were  again  conducted  on  all  three 
y*bicle*  A gain  margin  of  a least  a factor  of  two  existed 

SAS  rain*?!  !S*n  the  maxin,um  SAS  9ain  to  b<*  used  in  flight  and  the 
???  fc  Thi  ? resonance  occurred  during  the  ground  tests.  No  in- 

progJLi  trUCtUral  resonance  occurred  during  the  entire  flight  test 
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APPENDIX  E 

PREFLIGHT  SIMULATOR  STUDIES 

A thorough  simulator  investigation  was  conducted  before  the  first 
flight  of  the  X-24B  to  define  the  predicted  handling  qualities  of  the 
aircraft  and  to  establish  any  stability  boundaries  that  may  have  existed. 
Also,  several  studies  were  performed  early  in  the  design  of  the  air- 
craft for  the  purpose  of  establishing  control  system  parameters  (such 
as  gains,  authorities,  surface  rate  limits,  etc.)  for  the  new  aileron 
system  which  differed  considerably  from  the  X-24A  aileron  system.  Most 
of  the  preflight  simulator  studies  concentrated  on  the  aerodynamic 
environment  and  aircraft  configurations  that  were  to  be  used  for  the 
initial  flights.  Since  these  initial  flights  were  unpowered  glide 
flights,  the  Mach  number  region  was  0,7  and  below,  and  the  primary 
configuration  was  6ug  = “■20°,  = -10°,  and  6^  = 7°. 

Altman  Anlharity  and  Rata  Limit  Datarminatian 

Surface  rate  and  authority  limits  for  the  newly  designed  ailerons 
were  determined  through  simulator  studies  prior  to  final  design.  Pilots 
were  given  the  following  tasks  to  perform  in  these  studies; 

1.  Full  deflection  aileron  roll  from  zero  to  60  degrees 

of  bank  angle  at  zero,  one  and  maximum  "g". 

2.  At  one  g flight  conditions,  perform  a 45  degree  banked 

turn  through  30  degrees  of  heading  change  and  restabilize. 

3.  Repeat  task  2 with  the  roll  and  yaw  SAS  off. 

Aileron  surface  authorities  of  five,  ten  and  fifteen  degrees  for 
full  aileron  stick  deflection  were  investigated  at  dynamic  pressures 
of  100  and  370  lb,/ft2  for  SAS-on  and  SAS-off  conditions.  The  Cooper- 
Harper  pilot  ratings  obtained  from  three  pilots  (figure  El)  indicated 
that,  at  low  dynamic  pressures,  at  least  ten  degrees  of  aileron  was 
needed.  Fifteen  degrees  was  considered  a bit  sensitive  by  one  pilot. 

All  three  agreed  that  the  five  degree  authority  gave  insufficient 
roll  power  and  sluggish  aircraft  response.  At  the  high  dynamic  pressure 
the  five  degree  authority  was  considered  good  by  the  pilots,  while 
ten  degrees  was  a bit  sensitive.  Fifteen  degrees  was  conducive  to 
PIO  tendencies.  Since  the  flight  regime  of  the  X-24B  would  cover  both 
the  high  and  low  dynamic  pressure  conditions,  the  ten  degree  aileron 
deflection  was  selected  as  the  optimum  authority. 


It  was  also  necessary  to  determine  the  minimum  acceptable  aileron 
surface  rate  limits.  Aileron  rate  limits  of  5 deg/sec  to  25  deg/sac 
were  tried  while  performing  task  2 with  and  without  turbulence.  Pilot 
ratings  and  times  to  bank  as  a function  of  rate  limit  are  shown  in 
figure  E2.  The  lower  rate  limit  manifested  itself  primarily  as 
an  apparent  lack  of  roll  power,  and  the  lower  pilot  ratings  were  due 
mainly  to  this  characteristic.  Surprisingly,  the  simulator  was  con- 
trollable with  aileron  surface  rate  limits  as  slow  as  2.75  deg/sec. 
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Pilot  ratings  of  4 (smooth  air)  and  6 (turbulence)  were  recorded  for 
this  condition.  The  pilots  could  not  detect  any  difference  in  handling 
qualities  for  surface  rate  limits  above  approximately  10  degrees  per 
second.  This  result  is  primarily  due  to  the  high  aileron  effectiveness 
and  relatively  high  level  of  inherent  roll  damping  (Cjtp)  of  the  X-24B. 

The  aileron  hinge  moment  requirements  were  established  by 
performing  a series  of  rapid  dynamic  maneuvers  (pullups,  pushovers, 
rolling  pullouts,  etc.)  on  the  simulator,  Osing  the  recorded  transient 
response  characteristics,  in  con junction  with  wind  tunnel  predictions 
of  surface  pressure  coefficients,  the  maximum  or  minimum  hinge  moments 
were  determined  for  each  maneuver  and  are  summarised  in  figure  E3.  The 
actuator  specifications  were  conservatively  established  at  10  deg/sec 
minimum  rate  at  the  highest  expected  hinge  moment  (100,000  inch  pounds 
for  the  normal  hydraulic  system  case) . The  load/slew  rate  characteristics 
cfthe  selected  actuator  (a-15  rudder  actuator)  are  shown  along  with 
the  required  specifications  in  figure  E4. 

Pitch  Gearing 


On  the  X-24A,  pitch  control  gearing  varied  as  a function  of  upper 
flap  bias  position  (reference  16) . The  X-24A  gearing  was  approximately 
±30  degrees  of  upper  and  lower  flap  deflection  for  full  stick  at  an 
upper  flap  setting  of  -3  degrees  and  ±12.5  degrees  at  an  upper  flap 
setting  of  -40  degrees  (which  was  the  supersonic  setting) . The  X-24B 
had  & larger  transonic  trim  change  than  the  X-24A,  and  therefore  re- 
quired more  lower  flap  deflection  per  angle  of  attack  supersonically 
(was  more  stable  them  the  X-24A)  . To  be  able  to  achieve  the  desired, 
X-24B  trim  angle  of  attack  range  supersonically,  it  was  hecessary  to 
increase  the  X-24A  pitch  control  gearing  of  ±12.5  degrees  to  a value 
of  ±20  degrees  for  an  upper  flap  bias  of  -40  degrees. 

A simulator  study  was  conducted  to  establish  the  best  gearing  for 
-20  degrees  of  upper  flap  bias  (proposed  X-24B  subsonic  configuration) . 

The  study  was  conducted  at  Mach  number  of  0.4  and  two  values  of  dynamic 
pressure;  a low  value  of  q = 100  lbs/ft1 2 3  and  a high  value  of  q - 370 lbs/ 
ft2.  Pilots  were  given  the  following  tasks  to  do  during  the  study; 

1.  Trim  to  one  g;  change  angle  of  attack  by  ±5  degrees 

and  restabilize. 

2.  Repeat  task  1 with  the  pitch  SAS  off. 

3.  Do  one  g pitch  pulses  SAS-on  and  SAS-off. 

The  gearings  used  in  this  study  were  ±10  degrees,  ±20  degrees,  and 
±27.5  degrees  of  elevator  travel  for  full  forward  and  full  aft  stick 
travel.  All  pilots  agreed  that  the  aircraft  with  the  ±10  degrees  gear- 
ing was  too  sluggish  at  both  high  and  low  dynamic  pressure§.  There 
seemed  to  be  little  difference  between  the  ±20  degree  and  ±2  7.5 
degree  gearings,  and  the  pilots  indicated  the  aircraft  was  quite  easy 
to  fly  at  either  sensitivity.  Pilot  ratings  are  shown  in  figure  E5 . 

The  ±20  degree  gearing  was  chosen  over  the  ±27.5  degree  gearing  to  allow  a 
fixed  gearing  as  a function  of  upper  flap  bias  to  be  implemented  in 
the  aircraft.  It  would  also  tend  to  minimize  any  possible  Pio  tendencies 
which  might  occur  at  the  higher  gearings. 
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Ctrivafivt  Sensitivity 


th-  x «f1_S  tio^ai  ha"dlin?  qualities  study  was  performed  on 

six-^egree-of-freedom  simulator.  Cooper-Harper  pilot  ratings 
and  times  to  bank  were  obtained  at  different  flight  conditions  and  9 

^ 3yJtem  configurations  using  both  wind  tunnel  predicted 

stability  derivatives  and  alterations  applied  to  these  derivatives  to 
account  for  potential  errors  in  wind  tunnel  predictions.  Future  X-24B 
pilots  were  used  to  obtain  pilot  ratings.  Pilots  performed  the 
following  maneuvers  during  this  study; 


1.  6r,  6a  pulses 

2.  Full  stick  aileron  rolls 


! 


3.  Zero  to  45°  bank  angle  change;  hold 
heading  change 


45°  through  a 30° 
4.  General  lateral-directional  maneuvering 


Pilot  ratings  and  times  to  bank  were  obtained  at  the  followina 
vehicle  configurations  and  flight  conditions;  y 


Flight  Phase 
Mach  number 

Subsonic  Glide 
0.7 

Approach 

0.5 

Post  Flare 
0.4 

Landing 
(gear  down) 

0.3 

Velocity  (KEAS) 

20  0 

300 

200 

180 

a (degrees) 

4,  12,  16 

6 

12,  16 

8,  12,  16 

Upper  flap  bias 
(6Ab)  * 7° 

(6Ub  * -20°,  Rudder 

bias  (dRg) 

■ -10°,  Aileron  bias 

These  conditions 

were  evaluated  for 

each  of  the 

following: 

°«  311  j ??  aileron- to-rudder  interconnect  gain  (KRA) 
SAS  off  and  high  KRA  schedule 

caf  °n  i!!p=*28'  Kr“’21  deg/deg/sec)  and  low  KRA  schedule 
SAS  on  ( Kp=» .08,  KR=.81  deg/deg/sec)  and  high  KRA  schedule 


where : 

KRA  actual 
a (degrees) 

0 

4 

8 

12 

16 


degrees  6r  . 

degrees  5a  x 100  (Percent) 

lew  KRA  schedule (%)  high  KRA  schedule (I) 


0 

10 

22 

37 

54 


0 

22 

60 

102 

148 


Both  of  these  schedules  were  refined  prior  to  first  flight  (see  figure  V8) 
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A .derivative  sensitivity  stuqy  w .as  conducted  at  ail  of  the  above 
co:  ditiovis . Derivatives  were  altered  in  the  following  manner; 


Derivat.i ve  Configuration  Number  De scr i pt ion 


.1 

2 

3 

4 

5 

6 

7 

8 


Basic  wind  tunnel 

Basic  deriva\' veu 
per  deg 

Basic  derivatives 
per  deg 

Basic  derivatives 
per  deg 

Basic  derivatives 
per  deg 

Basic  derivatives 
per  deg 

Basic  derivatives 
per  deg 

Basic  derivatives 
per  deg 


dorivati ves 
plus  ACng=- .00053 

plus 

ACfcg=+ .0005 

plus 

^Aa”"*0003 

plus 

ACn^  *+ .000 3 

plus 

AC*a  — . 00025 

plus 

AC^<5  r==+  • 00015 

plus 

ACn6r“+-00025 

Specification  requirements  shown  in  the  data  for  times  to  bank  were 
obtained  from  Preliminary  Handling  Qualities  Requirements  for  Lift-inn 
Re-Entry  Vehicles  During  Terminal  Flight. a ° 

Pilot  ratings  for  the  various  flight  conditions  and  control  system 
configurations  are  plotted  versus  derivative  configuration  in  figures 
E6  through  Ell.  in  general,  simulator  results  indicated  that  the  air- 
craft was  not  very  sensitive  to  derivative  variation.  This  is  usually 
an  indication  that  the  basic  stability  of  the  aircraft  is  good,  which 
indeed  turned  out  to  be  the  case  during  the  X-24B  flight  test  program  at 
subsonic  Mach  numbers.  Pilot  ratings  were  usually  good  wher  the  low  KRA 
schedule  was  used.  The  ratings  were  almost  always  significantly  worse 
when  the  high  schedule  was  used.  This  was  especially  true  in  the  gear 
down  configuration  at  0.3  Mach  numbers.  (As  discussed  previously,  the 
low  KRA  scheduled  was  used  in  the  approach  and  landing  phase  during  the 
flight  test  program) . Most  of  the  adverse  comments  and  poor  pilot  ratings 
obtained  during  this  study  were  due  to  the  fact  that  the  simulator 
appeared  to  be  PIO  sensitive  in  the  lateral-directional  axis.  Increasing 


2 2 ko  fa  re  nee  17:  DiFranco,  Dante  A.  and  Mitchell,  John  F.,  Preliminary 

Handling  Qualities  Requirements  for  Lifting  Re-Entry  Vehiclei~mIHnq 

AFFDL-TR-71-54 , Air  force Plight' 'Dynamics  Laboratory, 
Wrigftt-Patterson  AFB , Ohio,  August  1971.  J 
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Derivative  Configuration  Number  Description 


Basic  wind  tunnel  derivatives 


Basic  derivatives  plus  ACno=-. 00053 

T~\  A V*  a m it  H 


per  deg 


Basic  derivatives  plus  ACt  =+.0005 
per  deg  3 


Basic  derivatives  plus  AC 
per  deg 


n6a—.0003 


Basic  derivatives  plus  ACnj  -+.0003 
per  deg  n,5a 


Basic  derivatives  plus  ACo.  --.00025 
per  deg  *oa  ■ 


per^d  derivatives  Plus  AC,6r-+.00015 


Basic  derivatives  plus  ACn.  -+. 00025 
per  deg  <5r 


configu?ationsnIrefploSedVversus  deri^f conditions  and  control  system 
E6  through  Ell.  In  oSneral  s?!,! d*rivatlv®  configuration  in  figures 
craft  wis  not  verysensitive  to  ■ indicated  that  the  air- 

an  indication  that  the  basic  stabilitv  of  7his  is  usually 

indeed  turned  out  to  be  the  case  during  tt^X-^rfliahtV0?*'  WhlCh 
subsonic  Mach  numbers.  Pilot  ratine  i?  fligkfc  test  program  at 

schedule  was  used  The  rating  Y6r®  Usi>ally  good  when  the  low  KRA 

when  the  high  schedule  was  us  2d.  Thi^I^  e2peS2llig+ifiCfnt1^  W°r8e 
down  configuration  at  0 3 Mach  nm+««  as  especially  true  in  the  gear 

low  KRA  scheduled  w2s  used  in  l disc«®sed  previously,  the 

flight  test  proqraraK  and  lsn'li"'>  Phase  during  the 

obtained  during9this  study 'were  due  to*SJ  .“T8^8  an?  poor  pilot  rating* 
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the  KRA  gain  aggravated  the  PIO  tendency  and  hence  made  the  pilot  ratings 
worse.  During  the  actual  flight  test  program,  the  aircraft  did  not  demon- 
strate this  PIO  tendency.  A possible  explanation  for  this  discrepancy 
between  simulator  and  flight  results  is  given  in  the  section  entitled 
"Lateral-Directional  PIO  Sensitivity". 

Times  to  bank  to  45  degrees  for  the  various  flight  conditions  and 
derivative  configurations  are  plotted  versus  angle  of  attack  in  figures 
E12  through  E14.  The  times  shown  are  for  full  roll  stick  inputs.  The 
results  obtained  usually  met  level  1 or  level  2 of  the  proposed  military 
specification  requirements  for  lifting  re-entry  vehicles  during  terminal 
flight  (reference  17).  Also,  the  times  were  amazingly  consistent  and 
did  not  vary  significantly  with  angle  of  attack  flight  condition,  SAS 
gain,  or  KRA  gain. 

Latarai-Dir«cti«aal  PIO  Saasitivity 


A lateral-directional  pilot-induced-oscillation  study  was  performed 
on  the  X-24B  six-degree-of-f reedom  simulator  in  conjunction  with  a digital 
computer  program.  Although  agreement  between  these  two  methods  was 
excellent,  final  conclusions  were  taken  from  the  simulator  because  the 
non-linear  effects  of  the  flight  control  system  and  the  math  model  were 
included  in  the  simulator  results.  The  PIO  tendencies  were  determined 
by  replacing  the  pilot's  roll  stick  signal  by  either  bank  angle  or  roll 
rate  feedback.  This  established  a transfer  function  for  the  pilot  of 
aileron  input  directly  proportional  to  either  bank  angle  or  roll  rate. 

Two  pilot  gains  developed  from  the  X-24A  program  were  investigated  for 
each  feedback  parameter.  Since  it  was  uncertain  as  to  what  the  actual 
inflight  lateral-directional  pilot  transfer  function  would  be  for  the 
X-24B,  it  was  felt  that  using  both  transfer  functions  would  adequately 
cover  the  range  of  inflight  possibilities.  After  the  loop  had  been 
closed  by  substituting  bank  angle  or  roll  rate  for  pilot  roll  command 
in  the  simulator,  the  PIO  tendencies  were  determined  by  disturbing  the 
simulator  with  sharp  inputs  in  the  lateral-directional  axis.  If  the 
oscillations  damped  after  the  input  was  applied,  that  was  an  indication 
that  no  PIO  tendencies  existed;  if  they  did  not  damp,  it  was  an  indication 
that  the  vehicle  was  PIO  sensitive.  The  PIO  boundaries  shown  in  figures 
E15  and  E16  were  determined  very  quickly,  at  each  Mach  number,  by  varying 
angle  of  attack  until  the  angle  of  attack  at  which  the  oscillations  were 
neutrally  damped  (if  any)  was  found. 
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Angle  of  Attack  (degrees,  how  kra  Schedule  „igh  KRA  Schedule  (#) 


5°  and  below 
8° 

12 
16 
20 


0 

8 

18 

33 

50 


0 

18 

52 

93 

140 


E15  “d  EU  bforddif ferer^pilot  ? “i5  “Udy  are  3h°“"  in  figure, 

SAS-off  and  SAS-on  Condi tions 1 F^th?^' anctiona . and  9ains»  and 

occurred  only  for  the  high  gain  ,0.5  J ,11%^ 

h With  the  SAS-oV 

transfer  “l f 

used,  the  Pio  tendencies  exiq+-«H  r.«i „r°^1a.5ate  transfer  function  was 

As  w.s  stated  in  the  previous  sectio^  V*ry  hi9h  angfes  of  attack, 

the  derivative  sensitivity  handlinn  ■ comments  obtained  during 

simulator  was  Pio  sensitive  in  the^at*™?  ^ 8tu<?y  indicated  that  the 
with  the  SAS  off.  Their  i axis  especially 

tained  using  the  automatic  aileron9^6?3^  fi fd  ^e  results  ob- 
which  would  indicat  J that  pilots  te£d  to^elH5 x pil °fc  cl°snre  technique, 
flying  a fixed-baseu  iimulato?  respond  to  bank  angle  while 

were  investigated  during^^fliaht^e*^31  PI°  tendencies  of  the  vehicle 
at  which  the  investigation  occurred  111  ? *'  „ 7116  flight  condition. 

Pilots  found  no  Pio  tendencies  ^^ofl!  ^, ln  £igure  E15-  ®»® 

confirm  the  simulator  results  obtained  flight.  This  tends  to 

nique  using  aileron  to  rol  a f”"1  auto™»tic  closure  tech- 

mo t ion*cue 8 th e^p i lo  t s ^ re s pon de d £ ' ^^of" 

than  they  did  when  using  . Sxad 

with  the  pilot  ir^the ' loop^e^'conaervat i ve^n6 th  m!*  norlMl  ”“n™r 

shown  on  the  simulator  dia  not  occur  in  fliahf-  th*  v10  tendencies 

responded  to  roll  rate  infUr**  f j.  in.  (because  the  pilots 

the  tendencies  had  been  reversed  such ^at"?^  °?  the  *im“utorl  • If 
to  5 a/P  transfer  fmction^d  ™>  -n.itive 

functions  (such  miaht  b*»  -lu  sensifiv®  to  6a/$  transfer 

cne  ratio),  a fixed-base  simulator^!  3 high  cig  b° 

not  predict  PIO  tendencies  which  mioh^r,  pil°fc  b*1®  looP  would  probably 
experienced  previo^I?  dS?ing  Se^-^A  r in  fli?ht-  Thi8  had  been  Y 
simulator,  when  used  L a LLi  Di  ! iP!0grin,< , ?®  X”24A  fixed-base 
responding  to  bank  angle),  indicated  th^t^h"6*  the  pilot  generally 

However,  the  actual  vehicle  5as  found h ^}icle  was  not  PI°  sensitive. 
Lateral-directional  Pio's  were  experienced*™  ^1°  te?dencies  during  flight, 
recorded  data  of  these 
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to  roll  rate.  Analysis  using  the  automatic  feedback  techingue  showed 
the  X-24A  simulator  to  be  PIO  sensitive  when  roi*.  rate  was  applied  to 
the  roll  stick  signal. 

\ 

Aileron  and  Ruddnr  Rodl  Rtvoraal 

i 

Roll  reversal  studies  were  also  performed  on  the  six-deqree-of- 
freedovn  flight  simulator  prior  to  first  flight.  Predicted  roll 
reversal  boundaries  were  defined  to  Mach  - 1.3  u^ing  both  aileron 
stick  inputs  and  rudder  pedal  inputs  for  roll  control.  The  results  of 
these  studies  are  shown  in  figure  E17. 

No  aileron  roll  reversal  was  predicted  over  the  entire  flight 
envelope  at  the  conditions  investigated,  which  included  £ zero  KRA  gain 
and  all  of  the  stability  derivative  variations  shown  on  figure  E17. 

The  simulator  was*  however,  sluggish  in  roll  at  high  angles  of  attack 
with  a KRA  gain  of  zero.  Aileron  roll  reversal  was  not  encountered 
during  the  flight  test  program. 


Roll  reversal  boundaries  obtained  using  the  rudder  pedals  only 
for  roll  control  are  also  shown  in  figure  E17.  ^hese  boundaries 
were  not  expected  to  cause  a problem  during  the  flight  test  program 
since  the  rudder  pedals  were  not  normally  used  for  maneuvering  during 
flight.  However,  rudder  roll  investigations  conducted  in  fligh*-  at  0.65 
Mach  number  and  10°  x.gla  of  attack  showed  rudder-only  roll  response 
similar  to  swept  wing  fighters. 

H aniline  QiallNM  Study  I"  Gw  0aw«  CwfipnflM 

Wind  tunnel  tests  conducted  in  the  Air  Force  institute  of  Tech- 
nology (AFIT)  low  speed  tunnel  at  Wright-Pat teraon  AFB  used  an 
eight  percent  scale  model  of  the  X-24B  with  and  without  landing  gear. 

A comparison  of  the  AFIT  and  Cornell  data  in  the  gear  up  configuration 
(see  figure  A27)  revealed  significantly  lower  values  of  Cn^  (50  to 
60  percent  in  the  a - 4 to  16  degree  range)  from  the  AFIT  tunnel. 

Lower  values  of  CV  (30  to  40  percent)  as  well  as  lessor  changes  in 
other  aerodynamic  coefficients  were  also  predicted  in  the  AFIT  tunnel. 

(No  aileron  or  rudder  derivatives  were  obtained  in  the  AFIT  tunnel.) 

A comparison  of  the  gear  up  and  gear  down  AFIT  data  showed  a large 

reduction  in  Cn„  (-.00055  per  degree),  a small  change  in  Cju  and  Cyg , 

and  insignificant  changes  in  Cm  and  Cm  with  the  landing  gear  extended. 
Further  wind  tunnel  tests  indicated  that  the  nose  gear  doors  were  a 
major  contributor  to  the  reduced  gear  down  values  of  Cng. 

As  a result  of  these  tunnel  data,  a five -degree  of-freedoro  simulator 
study  was  conducted  to  assess  the  effect  of  the  landing  gear  (and  doors)  on 
the  handling  qualities  of  the  vehicle.  Four  sets  of  aerodynamic  data 
were  used  in  the  simulator  for  this  study; 

1.  Gear  up  Cornell  wind  tunnel  data  without  any  modifications. 

2.  Gear  down  Cornell  data,  which  was  gear  up  Cornell  data 

with  Cn-  reduced  by  a value  of  -.00055  per  degree  (the  in- 

cremental value  between  the  gear  up  and  gear  down  AFIT  data) . 
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3.  Gear  up  AFIT  data  in  which  the  gear  up  values  of  Cn. 

C £g  , Cyg,  Cm,  and  Qj  obtained  from  the  AFIT  tunnel  were” 

4 . Gear  down  AFIT  data  in  which  the  gear  down  values  of 

Cng»  cyg»  Cm,  and  CN  obtained  from  the  AFIT  tunnel 

were  used.  p 

In  all  four  cases,  the  rudder  and  aileron  derivatives  obtained  from 
Cornell  data  were  used.  All  data  were  for  a control  system  configur- 
ation of  6Ub  = -20  degrees,  6Rb  = -10  degrees,  and  6Ab  = 7 degrees, 

and  eg  of  66  precent. 

The  pilots  were  given  several  tasks  to  perform  on  the  simulator; 

1.  Roll  and  yaw  pulses  with  the  SAS  on  and  off  at  one  g 
flight  conditions . 

2.  Zero  to  4 5 degree  bank  angle  change;  hold  <J>*4  5 degrees 
through  a 30  degree  heading  change  and  then  re  stabilize 
wings  level.  (SAS  on  and  off  at  one  g flight  conditions.) 

3.  Repeat  task  2 with  roll  SAS  off  only  and  yaw  SAS  off 
only. 

4.  Check  lateral  PIO  tendency  by  tracking  bank  angle. 

TVo  airspeed  conditions  were  investigated; 

1.  Ve“2 70  Kts , q-245  psf,  a*6  degrees  maximum  expected 
airspeed  condition  at  gear  extension) . KRA  actual-45 
percent 

2‘  Ve-170  Kts,  q-100  psf,  a-12.3  degrees  (approximate  touch- 

down condition) . KRA  actual-92  percent. 

The  results  of  the  simulator  study  are  summarized  by  the  pilot 
ratings  shown  in  figure  E18  . The  poorest  rating  with  the  SAS  on 
was  3.0  and  with  the  SAS  off  was  5.5.  The  SAS-off  rating  was  due 
to  the  tendency  toward  a lateral-directional  PIO.  In  all  cases  the 
simulator  was  adequately  controllable  and  deemed  acceptable  by  the 
pilots.  As  was  discussed  previously,  the  actual  flight  vehicle 
proved  to  have  very  good  SAS-on  handling  qualities  during  the  landing 
flight  phase. 

Alima-Ta-RaMar  lattreMMCt  (KRA)  DitwmiaitlM 

The  six-degree-of -freedom  flight  simulator  was  used  prior  to  first 
flight  to  establish  the  KRA  gain  schedule  to  be  used  in  the  actual 
vehicle.  The  X-24B  pilots  were  asked  to  select  which  KRA  gain  they  pre- 
ferred at  angles  of  attack  of  4,  8,  12,  and  16  degrees  and  at  the  follow- 
ing flight  conditions: 


*"!K5 


Subsonic  Glide 

Approach 

Landing 
(gear  down) 

0.7 

0.5 

0.25 

200 

300 

160 

All  of  tne  conditions  wsrs  for  4UB«-20  degrees,  4Rb"-10  degrees,  AAgp 
7 degrees,  and  a eg  of  €4  paroant.  Two  8 AS  gains  In  roll  and  yaw 
wars  us ad  In  tha  study. 

The  XRA  gain  valuas  which  pilots  salactad  for  aaoh  of  tha  above 
conditions  ara  shown  as  systole  In  figure  E19.  Tha  data  Indicated 
tha  pilots  preferred  a higher  slope  of  KRA  versus  a for  the  Mach  0.7 
glide  condition  and  tha  Mach  0.5  approach  condition,  and  a lower  slope 
during  tha  landing  flight  phase.  The  approach  phase  was  not  extremely 
critical  to  interconnect  gain,  so  that  during  the  actual  flight  test 
program,  the  change  to  the  lower  slope  was  made  at  the  beginning  of 
approach.  The  data  also  showed  that  a lower  interconnect  gain  was 
preferred  with  the  lower  yaw  SAS  gains.  Since  it  was  decided  to  use 
a yaw  gain  of  0.21  deg/deg/seo  during  fligxt,  the  data  shown  in  figure 
119  for  Xg-0.21  deg/deg/seo  were  used  to  establish  the  XRA  schedule. 
Based  on  these  results,  two  schedules  were  programmed  in  the  aircraft, 
a low  slope  of  XRA  versus  a to  be  used  during  the  landing  phase,  and  a 
higher  slope  to  be  used  in  ell  other  regions  of  the  flight  envelope. 

(The  higher  slope  determined  during  this  study  was  later  verified  to  be 
adequate  at  Mach  numbers  greater  than  0.7.)  The  schedules  which  were 
selected,  and  which  represent  a best  compromise  of  all  the  data  obtained 
from  the  study,  are  shown  in  figure  119.  A limit  of  50  percent  was  in- 
stalled in  the  vehicle  to  minimise  the  effect  of  a potential  hard  over 
of  the  XRA  actuator  on  the  handling  qualities  of  the  vehicle.  (A  high 
value  of  XRA  was  predicted  to  strongly  increase  the  lateral-directional 
PZO  tendencies  ejpeoielly  at  the  low  angles  of  attack.) 

XRA  schedules  established  during  the  simulator  study  proved  to  be 
adequate  and  were  not  changed. 

I At  tali  Datanaliatlaa 


Seven  SAS  switch  positions  were  available  on  the  X-24B  in  each  of 
the  three  axis.  These  seven  switch  positions  provided  linear  voltage 
outputs  which  were  to  be  used  for  SAS  gain  values.  Since  the  control 
surfaces  for  pitah  and  yaw  ware  identical  to  those  on  the  X-24A,  it  was 
assumed  that  the  X-24A  range  of  SAS  gains  would  be  adequate.  The  new 
ailerons,  however,  dictated  that  a simulator  study  be  conducted  to 
determine  the  range  of  roll  IAS  gain  values  to  bs  used.  Both  maximum 
and  minimum  gain  values  were  considered  in  the  stuty.  Maximum  values 
were  established  by  considering  lateral-direotional  handling  qualities 
and  damping  characteristics.  Minimum  roll  SAS  gains  w*re  desired  for  test 
maneuvers  for  stability  derivative  extraction,  and  the  potential  need 
for  eliminating  any  control  system  instabilities,  such  as  limit  cycling 
or  structural  resonance  which  might  ooour. 

The  study  was  performed  using  the  A7FTC  six-degree-of-freedom 
flight  simulator  and  the  NASA-D7RC  all-digital  CONTROL  program, 
flight  conditions  Investigated  were; 
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0.5 
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16 
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The  pilots  performed  the  following  tasks  in  this  study; 


!•  Rudder  and  aileron  doublets  - to  measure  frequency  and 
damping 


2.  Full  aileron  rolls  - to  measure  times  to  bank. 


3.  General  lateral-directional  maneuvering  - from  which 
qualitative  >-o.!iiiients  with  regard  to  sensitivity,  sluggish- 
ness, etc.,  were  obtained. 


Typical  dutch  roll  mode  frequency  and  damping  characteristics  as 
a function  of  roll  SAS  gain  are  shown  in  figure  E20  for  a Mach  number 
of  0.95  and  an  angle  of  attack  of  12  degrees.  The  migration  of  the 
roots  shown  in  the  figure  was  typical  of  most  cases  investigated. 

It  showed  that  the  roll  damping  increased  as  the  gain  was  increased 
to  values  between  0.2  and  0.3  deg/deg/sec.  Increasing  the  gain  above 
these  values  generally  tended  to  decrease  the  damping  and  frequency 
slightly. 

Times  to  banks  obtained  from  the  full  roll  stick  inputs  were  not 
a strong  function  of  roll  SAS  gain,  at  least  up  to  a gain  value  of  0.26 
deg/deg/sec  which  was  the  maximum  value  investigated. 

The  most  desirable  roll  gain  value  obtained  from  pilot  comments 
for  general  maneuvering  in  the  flight  simulator  was  between  0.1  and 
0.2  deg/deg/sec  for  all  cases  investigated.  Increasing  the  gain  above 
0.2  deg/deg/sec  did  not  seem  to  help  the  damping  significantly.  At  a 
gain  of  0.3  deg/deg/sec,  the  roll  response  appeared  to  be  getting  a 
bit  sluggish  for  most  cases.  This  roll  SAS  gain  value  was  felt  to  be 
an  adequate  maximum  for  the  X-24l  flight  envelope.  The  simulator 
indicated  that  the  vehicle  was  somewhat  PIO  sensitive  with  the  roll 
SAS  off  or  at  low  values  of  0.05  deg/ deg/sec  or  less.  The  tendency  was 
eliminated  at  gains  above  this  value  however.  Thus  from  a handling 
qualities  standpoint,  a gain  value  of  approximately  0.05  deg/deg/sec 
appeared  to  be  an  acceptable  minimum.  To  satisfy  these  requirements, 
the  roll  SAS  gain  schedule  as  a function  of  switch  position  shown  in 
figure  DS  was  installed  in  the  vehicle.  This  gain  schedule  proved  to 
be  adequate  for  the  entire  flight  test  program  and  was  never  changed. 

The  pitch  SAS  gain  chosen  for  the  initial  flights  was  based  on  a 
parametric  study  performed  on  the  six  degree  of  freedom  simulator. 

Pitch  tasks  were  evaluated  at  conditions  of  subsonic  glide  ( . 7M/200KEAS) , 
final  approach  ( . 5M/300KEAS) , speed  overshoot  on  final  approach  (,5K/ 

3 30 KEAS)  and  landing  (. 3M/190KEAS) . A pitch  SAS  switch  position  of 
4 was  chosen  based  on  the  best  compromise  between  obtaining  satisfactory 
limit  cycle  gain  margins  and  achieving  acceptable  aircraft  damping. 


BS 


This  gain  worked  well  and  was  used  for  the  entire  research  program  during 
the  landing  phase.  At  the  higher  speeds  attained  during  powered  flight, 
increased  damping  was  required  to  offset  the  higher  pitch  natural  fre- 
quency. A simulator  study  indicated  that  the  highest  switch  position 
would  be  desired.  I'ke  first  powered  flight  was  flown  with  a switch 
setting  of  7.  For  the  'remaining  flights  the  setting  was  reduced  to  6 
to  provide  an  adequate  limitf-'Qvcle  margin  in  the  .95  Mach  area  where 
the  lower  flap  effectiveness  was  considerably  greater. 

Yaw  rate  feedback  was  relatively  ineffective  in  providing  dutch  roll 
damping.  Hence  a yaw  rate  gain  was  chosen  in  con  junction  with  the  aileron- 
to -rudder  interconnect.  High  yaw  SAS  gain  values  tended  to  negate  the 
KRA  and  produce  poor  turn  coordination.  A yaw  SAS  switch  setting  of  2 
wa-s  found  during  simulator  studies  to  be  satisfactory  for  initial  flights. 
However,  prior  to  the  first  powered  flight,  studies  on  the  simulator 
indicated  that  increasing  the  yaw  gain  switch  setting  to  3 would  pro- 
vide more  optimum  yaw  damping  at  the  higher  Mach  numbers  and  lower 
dynamic  pressures  to  be  experienced  during  the  boost.  This  proved  to 
be  a proper  selection  in  that  the  setting  was  used  for  this  phase  of 
flight  throughout  the  program. 
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AEDC 

AFFDL 

AFFTC 

AFIT 

ay 

b 

c 

eg 

Cl 

Cl 

C*P 

C*R 

C*0 

C*’6a 

C*6r 

cm 

Citiq 

Cn>a 


Cm«AB 

Cm6eL 

^m6eg 

Cm6RB 

CN 

CN„ 


Cn 


6eL 


-n 


DESCRIPTION 

Arnold  Engineering  Development  Center 
Air  Force  Flight  Dynamics  Laboratory 
Air  Force  Flight  Test  Center 
Air  Force  Institute  of  Technology 
Lateral  Acceleration 
Reference  span  {19.0) 

Reference  chord  (37.5) 

Center  of  grayity  (reference  661) 

Lift  coefficient 
Rolling  moment  coefficient 
9Cj,/3  ^ 

9C£/3  ^ 

3c£/3e 

3C*/36a 

3Cfc/36r 

Pitching  moment  coefficient 

9Cn/9 

3Cm/3a 

9Cjj(/36Ab 

aCn/afieL 

3Cm/36eu 

aCm/asRe 

Normal  force  coefficient 

3Cj^/6a 

3Cn/96sl 

Yawing  moment  coefficient 


UNITS 


g's 

ft 

ft 

inches  or  % c 


per  radian 
per  radian 
per  degree 
per  degree 
per  degree 

per  radian 
per  degree 
per  degree 
per  degree 
per  degree 
per  degree 

per  degree 
per  degree 
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SYMBOL 

DESCRIPTION 

UNIT 

cnP 

/ r\  Pb 

d^n/°  5v 

per  radian 

CnR 

3cn/3  ^7 

per  radian 

Cn6 

3Cn/3B 

per  degree 

Cng  * 

Dynamic 

per  degree 

C*i6a 

b 0 jj/  36a 

per  degree 

Cn6r 

3Cn/36  r 

per  degree 

CPT 

Control  position  tranducer 

— 

CY 

Lateral  force  coefficient 

— 

Cyb 

3C.y/3g 

per  degree 

CY6a 

3Cy/36a 

per  degree 

CY6r 

3Cy/36  r 

per  degree 

g 

Acceleration  of  gravity  (32.17405) 

ft/sec2 

lx 

Rolling  moment  inertia 

slug-ft2 

Ixz 

Product  of  inertia 

slug- ft2 

Pitching  moment  inertia 

slug-ft2 

Iz 

Yawing  moment  inertia 

slug-ft2 

j 

Imaginary  axis  unit  vector 

— 

Kp 

Roll  SAS  gain 

deg/deg/sec 

Kq 

Pitch  SAS  gain 

deg/deg/sec 

Kr 

Yaw  SAS  gain 

deg/deg/sec 

KRA 

Aileron  to  rudder  interconnect  gain 

deg/ deg 

LOX 

Liquid  oxygen 

— 

L«a 

i|L.  c,. 
Ix  -5a 

rad/sec2 

M 

Mach  number 

— 

MMLE 

Modified  Maximum  Likelihood  Estimator 

— 

M6eL 

**7 

rad/ sec  2 

SYMBOL 


DESCRIPTION 


UNIT 


NAS A-DFRC 

National  Aeronautics  and  Space  Admin- 
istration DryOen  Flight  Research  Center 

— 

N5r 

ask  Cn 

12  n<5r 

rad/sec2 

' P 

Roll  rate 

deg/sec 

PIO 

Pilot  induced  oscillation 

Q 

Pitch  rate 

deg/ sec 

q 

Dynamic  pressure 

lb/ft2 

R 

Y aw  rate 

deg/  sec 

s 

Reference  area  (330.5) 

ft2 

SAS 

Stability  augmentation  system 

SMRD 

Spin  Motor  Rotation  Detector 

w—  — 

vt 

* 

True  airspeed 

ft/sec2 

ve 

Equivalent  airspeed 

knots 

. W 

Weight 

lb 

a 

Angle  of  Attack 

degrees 

6 

Angle  of  sideslip 

degrees 

A 

Pj^fix  indicating  increnent 

w W W 

6Ab 

Aileron  bias  position 

degrees 

6a 

Aileron  position 

degrees 

Lower  flap  position 

degrees 

upper  flap  position 

degrees 

Rudder  bias  position 

degrees 

<5r 

Rudder  position 

degrees 

<SUB 

Upper  flap  bias  position 

degrees 

C 

P 

Deeping  ratio 

0 

Pitch  angle 

degrees 

' 4> 

Bank  angle 

degrees 

m 


SYMBOL 

10, 

description 

UNITS 

d 

<0 

Damping  frequency 

rad/sec 

n 

to 

Natural  frequency 

rad/sec 

o 

Break  or  corner  frequency 

rad/sec 

